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ABSTRACT

Two computer programs for shuttle reentry trajectory optimization are
listed and described. Both programs use the conjugate gradient method as
the optimization procedure. The Phase I Program is developed in cartesian
coordinates for a rotating spherical earth, and crossrange, downrange, maxi-
mum deceleration, total heating, and terminal speed and altitude are included
in the performance index. The Phase II Program is developed in an Euler angle
systein for a nonrotating spherical earth, and crossrange, downrange, total
heating, maximum heat rate, and terminal speed, altitude, and flight path
angle are included in the performance index. The programs make extensive
use of subroutines so that they may be easily adapted to other atmospheric

trajectory optimization problems.
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CHAPTER 1
INTRODUCTION

The forthcoming Space Shuttle Program will involve vehicles which
possess both rocket and aircraft characteristics. Because of the interplay
of gravitational, thrusting, and aerodynamic forces, the trajectories that
the vehicle will fly are more complicated than the trajectories of the Saturn-
Apollo class. Thus, the need exists for efficient, reliable shuttle trajectory

optimization programs.

This report describes two computer programs which were generated
for shuttle reentry. During the time period of this contract, the national
emphasis shifted from a small, low-crossrange, straight-wing orbiter to a
larger, high-crossrange, delta-wing orbiter, This definitely influences the
reentry trajectory in that the straight-wing trajectory usually encounters
the 3g deceleration constraint whereas the delta-wing trajectory rarely (if
ever) encounters the 3g-constraint but instead has high heat-rate problems.
Thus, instead of making a large cumbersome program for all possible ve-
hicles, two programs were developed. Since the Phase II-deck was devel-
oped after the Phase I-deck, it has the advantage of some improvements

learned in the development of the Phase I-program.

It has been noted by numerous investigators in the last two years that
shooting (or initial Lagrange multiplier guessing) iteration schemes have
been almost useless in determining shuttle reentry trajectories, There ex-
ist other techniques which might be applicable to the problem and they are
briefly described below:

1) Classical Gradient Method: This method iterates on the total con-

trol function and does not require any second-order information
(i.e., second- derivatives of the Hamiltonian). This method is
well-known for having excellent properties far away from the solu-
tion, but slow convergence near the solution. With respect to

3
boundary conditions, either penalty functions' or projections®? may

*Numbers refer to listings in the References section,



2)

3)

4)

2
be employed. A modified gradient projection approach for shuttle
reentry is under development at TRW-Systems?>.

Second-Order Gradient Method: This method is essentially a func-

tion space Newton's method which iterates on the total control
function and requires full second-order information. The method
is described in Ref.4, and a shuttle-version of the program is in
use at NASA-Manned Spacecraft Center®, It has been found that
although this program obtains accurate trajectories and control
histories, the deck is difficult to work with and modify, and re-
quires extremely long computer time.

Conjugate Gradient® and Function-Space Davidon’ Methods: These

methods iterate on the total control function and do not require any
second-order information. These methods are mainly motivated
by deficiencies in the classical gradient and second-order gradient
(or function space Newton) methods, That is, they require only
first-order information and may have better convergence charac-
teristics near the minimum than the classical gradient method.
This study involved the generation of two conjugate gradient pro-
grams. It appears that the function-space Davidon method needs
further analysis before it should be employed in a shuttle computer
program,

Parameter Optimization Methods: In the last decade a number of

efficient parameter optimization techniques have been popularized,
e. g., conjugate gradient (CG), Davidon-Fletcher-Powell (DFP)vari-
able metric. These schemes have proven their worth, and the

DFP method is probably the most popular parameter optimization
scheme in use today. Both the CG and DFP methods are available
in Fortran subroutines®., The DFP method has been applied suc-
cessfully to shuttle optimization by Johnson and Kamm’+*°. They
represent the control variables by sequences of straight line seg-
ments and then use DFP to iterate for the optimal slopes of the seg-
ments subject to continuity and inequality constraints. By comput-

ing their gradients numerically, the deck is eagily modified to



include additional parameters, different vehicles, and various
missions, Thus, for design purposes, this is a very efficient ap-

proach.

From the discussion above of the various approaches to shuttle opti-
mization, it would appear at first glance that parameter optimization is the
superior iterative procedure, For preliminary design this is probably the
case, Hdwever, the parameter optimization approach requires either prior
knowledge of approximate optimal control histories or an undeterminable
amount of working time devoted to selecting workable but accurate repre-
sentations for the controls. In reentry this may be especially difficult be-
cause a change in terminal boundary conditions may cause a completely dif-
ferent bank angle control, and in many cases the bank angle would require a
large number of segments to approximate it adequately. Thus, the para-
meter optimization approach is by no means automatic or even desirable in

some cases.

Because of the deficiencies noted above for the parameter optimization
approach, the need Still exists for a relatively flexible and efficient function
space technique. At the present time it appears that both the projected
gradient and the conjugate gradient methods arethe leading candidates for
such a scheme, and which scheme is best is probably problem dependent.
For example, the projected gradient technique is probably best for problems
which are strongly influenced by boundary conditions and do not contain
singular arcs. The conjugate gradient technique is probably best fbr prob-
lems with singular arcs and/or problems which exhibit slow convergence
near the minimum with a standard gradient technique, However, not as
much work has been done with the conjugate gradient technique as the pro-
jected gradient technique, so improvements in the conjugate gradient ap-
"proach are occurring more frequently than in the projected gradient method.
It should be noted that the conjugate gradient and gradient projection tech -
nique have been combined!! , but the results were not promising. However,
there may exist more efficient ways of combining the two techniques, and,

thus, a ''projected conjugate gradient' technique may be feasible,



CHAPTER 2
THE CONJUGATE GRADIENT METHOD

In this chapter, a tutorial treatment of the conjugate gradient method
will be given in both finite- and infinite-dimensional spaces, The methods

for treating inequality constraints in the programs are discussed, also.

2,1 Finite-Dimensional Conjugate Gradient Method

Consider the problem of minimizing

f(xl,...,xn) ) (2-1)

wherex = (x;,.., ,xn) is an element of a bounded, connected, open subset
of R" and fe C! . If equality and/or inequality constraints are present, it is

assumed that they are incorporated into (2,1) by means of penalty functions.

Before we develop the algorithm, let us consider a few general remarks

about the minimization of a quadratic function. Consider
qs=E xTAx, (2.2)

where x € Rn, A is a positive definite matrix. The contours of constant q-
values are n-dimensional ellipsoids centered on the global minimum x =

In 2-space, the eccentricity of the elliptical contours is dependent upon the

relative magnitudes of the eigenvalues of A; the contours are circular if the
eigenvalues are equal and the contours become more eccentric as the ratio
of the eigenvalues increases from one. Of course, similar results are true

in n-space,

If the contours of (2,2) are noncircular, the gradient method (with a
one-dimensional search) will take an infinite number of iterates to converge
to the minimum if the method does not converge on the first iterate, (If the
initial guess is on a principal axis of the n-dimensional ellipsoid, then a
single gradient step results in x = 0,) On the other hand, no matter what the

eigenvalues are, Newton's method will converge in one iterate,

The reason why the quadratic problem is of interest is that in the termi-

nal stages of an iterative minimization of many nonlinear functions, the

4
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the function may be well-approximated by a second-order expansion. Thus,
an efficient algorithm for general functions should have good convergence
characteristics for quadratic functions. As noted above for quadratic func-
tions, Newton's method is excellent in all cases, while the gradient method
is strongly problem dependent. However, Newton's method requires the
computation of second-order information while the gradient method requires
only first-order. In addition, for general nonlinear functions, Newton's
method may diverge whereas the gradient method will, at least, never re-

sult in an iterate which increases the quantity to be minimized.

Because of the properties discussed above, researchers in the 1950's
attempted to develop techniques which combined the advantages of the grad-
ient and Newton methods while minimizing their disadvantages. With re-
spect to the quadratic minimization problem, two techniques with the follow-
ing properties were developed: (i) the methods are stable, (ii) the minimum
is obtained in at most n iterations, (iii) no second-order information is re-
quired. The methods are the conjugate gradient method!? and the Davidon

variable metric method!® (or Davidon-Fletcher-Powell’* method).

With respect to general nonlinear functions, the methods retain prop-
erties (i) and (ii) mentioned above. For certain classes of functions, rates
of convergence are known for all of the methods mentioned except the DFP
method. Thése show that when the methods work, Newton should be faster
than the CG method, and the CG method should be faster than the gradient
method. However, Newton's method does not possess either property (i) or

(ii) mentioned above,

The CG formula will now be stated, the sequence of steps required in
the development of the formula will be outlined, and then the steps will be

developed in detail, The CG algorithm is as follows:

(1) Guess x43. Define g Efx'

g1,, &
_ _ J+1 841 i
(2) Po = 8o, pJ+l - gJ+1 +pJ< T '> ('J 0:1:---)- (2°3)
g5 &;
(3) XJ+1 = xJ - aJpJ. (aJ Z0) (2.4)



In the formula above, x. is an n-vector, g5 is the n-vector gradient, P; is

J
the n-vector search direction, and ay is a scalar,

The formula development involves the following sequence of steps:

(A) Assume xJ+1 = Xy - aJpJ

J’ T
(B) Show that gJ b

with P; =85 + bJ, and devise a means for
defining b
- 0 implies the method will be stable.
(C) Show that the largest decrease in f is obtained if g:II-‘i—l Py =0,
D) Note that (B) and b, =C

J gPy_p imply (C), where C;is a constant to be
defined.

J

(E) Show that finite convergence for the quadratic function f = xTAx is
guaranteed if pITApJ =0 (I+#+J), i.e., the search directions are
"A-conjugate."

(F) Combine all of the above steps to show that

where <gJ,gJ> = g’}‘gJ is an inner product in R™. The inner product

notation will be used from here on instead of the transpose notation.

Let us now develop the results noted in steps (A) to (F). First, we

assume a form for the update formula

b:4 =X -« (2.6)

1 X317 %1Pg
P, =g;+b. (2.7)

The motivation for this form is that the method is basically a gradient
method with a correction vector (i.e., bJ) which, hopefully, will aid the con-
vergence characteristics of the gradient method in the neighborhood of the
solution. The only undefined quantities in Eqs (2.6) and (2.7) are aj and bJ.

The scalar a; will be determined by a 1-D search in each iteration, so the

J
only quantity which must be characterized is the n-vector bJ.

PROPERTY 1: If

<gpbp> =0 (.8)




then the method is stable.

Proof: Expand f(x.,6,) about f(x J) to first-order:

J+1

flrg, ) = fleg) +<glxy), xp., - xp
f(xJ+1) =f(xJ)-aJ<gJ,gJ>-aJ<gJ,bJ>. (2.9)

For a . small, a sufficient condition for f(x

J
f(xJ) is <gJ,b > = 0. I

J+1) to be less than or equal to

J
Note that Property 1 is a sufficient condition for stability. Thus,
there exist numerous possibilities for techniques which could also be stable;
one need only insure that the interaction of the two terms on the right-hand

side of Eq. (2.9) be negative (when the first-order expansion is valid).

PROPERTY 2: Let ay be the value of the search parameter which minimizes

f(xJ + osz). Then,

<gj,,-P;> = 0. (2.10)
Proof: By definition of @y
+1°’ *
daly, -~ [Bxp ) "o ], B R
PROPERTY 3: If Eq. (2.8) holds and
bJ—CJpJ 1 (J=1:4.’--0) (2‘11)

(where CJ # 0 is a scalar to be defined), then Eq. (2.10) is satisfied.
Proof: By Eq. (2.8):

<gJ+1,bJ+1 =0 =—><gJ+1,CJ+lpJ> = 0.
Thus, Eq. (2.10) is satisfied when CJ+1=# 0. .

Because of Property 3, we shall asgsume that the correction vector,

b ., is linearly related to the previous search direction, i.e., we shall as-

J)

sume that b 3 is defined by (2.11). In this case, the only thing that remains |

is the characterization of the constant CJ_
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e

PROPIKRTY 4: Consider f = xle, where A is positive definite. If the

search directions are A-conjugate (i.e., p'II‘ApJ =0, I #J)and Egs. (2.6)
and (2.10) hold (or, equivalently, (2.6), (2.8), (2.11)), then the global mini-

mum x = 0 of f is obtained in at most n iterations.

Proof: At the unique global minimum of f, the gradient g = Ax must equal

zero. If in the application of the algorithm either g¢,8;,..., or €noy - 0,
then the property is proved., Thus, assume gop,... ,gn_1 # 0. At each iter-

ate, we have

gy = Axj. 2.12)

By repeated use of Eq. (2.6) we have:

n-i
X =X +

n J+1 i=J+laipi
for any Je€ {0,...,n-2}. From Eq. (2.11):
n-1

gn.= gJ+1-+i§%+lapri. (2.13)

The inner product of g, and p I is
n-1

<g Py =<g5,,.Pp +i§+fi<pi’ApJ>' (2.14)

The first term in this equation vanishes because of Eq. (2.10), and the

summation vanishes because of the A-conjugacy property. Thus,
= = —2 2
<gn,pJ> 0. (J=0,1,...,n-2) (2.15)
By Eq. (2.10) we also have

<g,..P

P> = 0. 2.16)

Equations (2.15) and (2.16) may be written in matrix form as

0. (2.17)

[pop1--- P ]g

n-1-°n
It can be shown that n A-conjugate vectors are linearly independent (note
that A-conjugate is a generalization of orthogonality), and thus, Eq. (2.17)

implies



g =o0.1 (2.18)

We now have enough information to define the constant C 3 in Eq. (2.11).

PROPERTY 5: Consider f = x' Ax, where A is positive definite. If: the

update formula is defined by Eqs. (2.6) and (2.11), the_search directions are

A-conjugate, and « I and C y are chosen to give the maximum decrease in the

function f, then
C;=<gj8p/<g; 1+85_1>- @.19)

Proof: At a given iteration f is given by

flxy+azg;+a;Copy ]

At a minimum of f with respect to a5, CJ:
faJ=0 = <gg, Py =0 (2.20)
fCJ=o = <gg, Py > =0 2.21)

Expansion of Eq. (2.20), noting €141 = 83 + aJApJ, Py = g5 + CJpJ-l" gives

<g;:8;> * C<p;_,.8p T a<ppAPp =0,
which implies
L -<gJ,gJ>/<pJ.ApJ> . (2.22)

Before we obtain the desired result, note that Eqs. (2.20) and (2.21) imply

<g€5+1- 85 = Oa (2.23)
To obtain the expression for CJ, we first form the inner product of

gJ = pJ - CJpJ_l with ApJ_lz

<gJ,ApJ_1> =<pJ,ApJ_1> - CJ<pJ_1,ApJ_1> . (2.24)

The first inner product on the right vanishes because of A-conjugacy. The

desired result is obtained by substituting ( )] & for A on the .
y g 185 J-1 Py.g

-8
J-1
left and <g8;5_1:85.17 /aJ-l for -<pJ_1,ApJ_ ;> on the right:
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<gpgpley ) <epegy>ley = Cpey .85l
or,

Cy = <epepl<e;pgp> B

As noted previously, the algorithm defined above, along with the
Davidon- Fletcher-Powell method, are available as Fortran subroutines in

Ref, 8.

2.2 Infinite-Dimensional Conjugate Gradient: Unconstrained

In this chapter the conjugate gradient method is treated separately in
finite- and infinite-dimensional spaces because of applications. Howefrer,
one could describe the method in a Hilbert space setting and, thus, cover
both the finite- and infinite-dimensional cases in one development. Such is

the approach taken in Refs, 15, 16, and 17,

The main references for Sections 2.2 and 2.3 are Refs. 6 and 18, In
this section we shall consider problems which do not possess control or
state variable inequality constraints; these will be included in the next sec-

tion.
The infinite-dimensional problem which we are mainly concerned with

is the following:

BASIC PROBLEM: Determine the control u*(t), te [to,tf], which minimizes:

t
J[u] = $(tf,xf) +SfL(t,x,u)dt (2.25)
to
subject to:
x = f(t,x,u) , x(to)v = Xp (2.26)
Lp(tf,xf) =0 , (p-vector; p§n+ 1) (2.27)

where x is an n-vector, u is an m-vector,

The algorithms in this report treat all of the terminal conditions (i.e.,
Eq. (2.27)) except one by the method of penalty functions; the remaining

condition is employed as a stopping condition, Without loss of generality,
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assume that
[t ) - Xaf

qJZ(tfafo 3000 anf)
P(tf,xf) = . =0, (2.28)

qu(tf,Xzf PRI ,an).J

and that x, (t) is a variable which: (i) cannot reach the value x ¢ until the
terminal portion of the trajectory (e.g., a specified altitude or Mach number
in reentry), (ii) will always be reached in a reasonable time, and (iii) will
probably have a nonzero derivative at t;. In this case, x, (t) = x,pis a suitable

stopping condition for the iterations.

Define
~ P
¢(tf:xf) = ¢’(tf,Xf) + E Pi"l ¢1(tf,xff ) (2.29)
1=2

where it is assumed, also, that g(tf,xf) does not depend upon x ¢ (this is the
usual case in trajectory analysis; the assumption is not restrictive, how-
ever) and the

Pi>0 (i'-'l,o-o’p-l) (2'30)

are selected by the investigator. With the definitions (2.28) and (2.29) we

have the following problem:

BASIC PROBLEM WITH PENALTY FUNCTIONS: Determine the control

u*(t), te [to,tf], which minimizes
t

J[u] = ettx) + S‘fL(t,x,u)dt | (2.31)
to
subject to:
x = fit,x,u), x(o) = xo (2.32)

x1(tf) = X5 .

(Note: t. is usually not specified.)
b 3 Y
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Before we list the formulas in the conjugate gradient method, we shall
define a Hamiltonian function and adjoint variables which are useful in any

function space iteration scheme. First, define
H=L({t,x,u) + )\Tf(t,x,u), (2.34)

where the n-vector \ (t) will be characterized later, With this definition we

have: te
J[u] = q>(tf,xf [Ht,x,u,\) - xTx]dt s (2.35)
to
tf
where the performance index (2.31) has been augmented to include fxT(f—:’c)dt.
. to
Let u(e)(t) be an initial control estimate, and integrate x = f[t,x,u(o)(t)]
- forward from x(ty) = xo to form a corresponding trajectory, x(q(t). Suppose
there exists a vector x(°)(t) and define
Mty = uy + sug) (2.36)
iy = My + sxt). 2.37)
(1) _ 0
tf = 1:f + dtf (2.38)
Expand J[u(l)] about J[u(o)] to first-order:
M7 2 17,7 4 4O S (0)
Ju = I+ dt,+ D¢ dx;
tf t & X if
+ ) - AT nar,
§°’
S [H(O)Té +H(°)T6u \OT sx1at (2.39)
to '
Integration by parts of the third term in the integrand gives
a3{6u] = 31 - 31 - (¢‘ '+ 1) atg - A e ax, g
iy
3, () (
+ Z_} (¢x. -\ ))g))dx
i=2  Tif
) T
# Y i ex + 5O sulat (2. 40)
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subject to:
dxlf = 0. (2.41)
(0)

We now characterize N ' (t) so that a stable iterative algorithm is defined.

sPECIFY: ¢y =0  d=2,....n) 2. 42)
iVt xif
( 0) .(0) (0) () » (0 (0) (0)
(t; ) = (¢f+H +IZ)Z>\ : t(%,)/ (ty) (2.43)

(©) (0)

10y = —Hx[t,x(o) @), u (), N (). | (2.44)
Definitions (2.42), (2.43), (2.44) uniquely define the vector )\(0)(1;) and it is

formed by a backward integration.
Substitution of Eqs. (2.41)- (2. 44) into Eq. (2.40) gives
t
AJ[ 6u] = S.H(:) sudt. (2. 45)
to

The quantity H(z) (t) is the gradient in function space for this iteration, and’

the gradient method is defined by

u(J+l)(t) = u(J)(t) - aJH1(1J) (t). (2.46)
(Note that if t(fJH) > tf(J), then a scheme must be devised to define u(J+1)(t)

on the interval [t(J) f(J+l)], but there are numerous ways of doing this.)
As with the parameter optimization problem, there exist numerous tech-
niques which result in a stable method, e.g., one need only guarantee that
the first-order expansion term dominate the expansion for J [u(JH)] and that

6u be chosen in such a way that

t
I T

5 H?(t) su(t) < 0. (2.47)

to

In analogy with parameter optimization, a possible choice for &u is

(J-1)

6u(J)(t) = -q J[H(lf)(t) +Cp ®], (2.48)
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where @y > 0 is the search parameter, p(J_l)(t) is the previous search di-
t

rection with the property [ H(])T (J- 1)dt = 0, and CJ is a constant to be de-

to
fined. As shown in Ref. 6, the following function space conjugate gradient

scheme satisfies these conditions:

UNCONSTRAINED CONJUGATE GRADIENT ALGORITHM
(© ) {©

1) Guess u on [to,t £ l.
2) Compute:
xD e, W, 5800
t
f T
@) ()
H H ‘dt
pPy = 80 + t{° ——— ") @.49)

T
ff (Jl) (l;Il)dt

()

©)4) =
et = H'®)

3) Perform 1-D search to determine g in the formula

Iy - gy - Jp(J)(t). 2.50)
4) Check on appropriate cutoff criterion (e.g., S—J =¢€);
) QJ QJ =0
5) Return to 2).
In Eq. (2.49) above, the constant which multiplies p(J_l) may be
written as
() () (J-1) (1)
HOLH Y /<HLHT
where
b
T
<a(t),b(t)3 E53.(1:) b (t)dt (2.51)
to
is an inner product on the function space whereas
<a,b> = aTb _ (2.52)

is an inner product on R". Thus, the formula is the same as the finite-

dimensional formula; one need only interpret properly the gradient and
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inner product functions.

In Ref. 6, a few theorems concerned with the convergence of the func-
tion space conjugate gradient method are presented for both general func-
tionals and functionals which result from linear-quadratic optimal control
problems. For general functionals, the convergence theorem (which is only
sufficient for convergence) essentially requires that one show that the sec-
ond variation is "strongly positive' (i.e., there exists a constant M > 0 such

that for all admissible u, su, 82J(u; 5u, su) = M| lSuHZ ).

As with parameter optimization, the quadratic case plays an important
role in functional optimization; again, the argument being that when the solu-
tion is approached the general optimal control problem may be well-approxi-
mated by a linear-quadratic optimal control problem (formed by expanding
the differential equations and boundary conditions to first-order, and the
performance index to second-order). The theorems in Ref. 6 assume the

resultant quadratic functional to be of the form
AJ = <du, Asw, (2.53)

where A is a positive definite, self-adjoint linear operator. Nofe that since
6u is infinite~dimensional there is no reason to expect finite convergence
even in a small neighborhood of the solution. (Of course, on a digital com-
puter, one is really only interested in a good rate of convergence since
problems are never converged to the limit.) Reference 7 shows how one
may transform a class of linear-quadratic problems into the form of Eq.
(2.53).

For the case of Eq. (2.53), Ref. 6 shows that the conjugate gradient
method has certain desirable features which the classical gradient method
does not possess. However, it has never been proved mathematically that
the conjugate gradient step is better than the gradient step on every iterate.
In fact the statement is probably untrue because of numerical experience
which indicates that a gradient step every so often in a conjugate gradient
algorithm (i.e., a "reset' step) improves the convergence characteristics.

Finally, as with general functionals, to show that the linear operator A in
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Eq. (2.53) is positive definite usually requires a conjugate point test if the

operator results from linearization of a nonlinear optimal control problem.

2.3 Infinite-Dimensional Conjugate Gradient: Constrained

In this section, the modifications of the Basic Problem With Penalty
Functions (Egs 2.31-2,33) and the Unconstrained Conjugate Gradient Algo-
rithm to include state variable inequality constraints (SVIC) and control in-

equality constraints will be presented.

First, suppose that in addition to the equality constraints (2.32), (2.33),
the problem contains the SVIC's:

S;t,x)z0. ({=1,...,9 (2.54)

There are two main ways of treating an SVIC:
(i) Transform the problem into a multiple-arc problem with inter-

mediate point equality constraints; this is the approach of Ref.19.

(ii) Augment the performance index to include the SVIC's by means of
penalty functions; this is the approach of Ref. 1.

The main goal of the computer programs described in this report is to gen-
erate reasonable, near-optimal reentry trajectories with a minimal amount
of guessing and analysis required of the user. The (i) approach above re-
quires knowledge of the location and the number of times the inequality con-
straint boundary is encountered, which requires both analysis and additional
programming by the user, Thus, the (ii) approach was chosen since this
requires no additional programming and only the initial penalty coefficients

must be estimated,

If the SVIC's (2.54) are present, then the performance index (2.31) is

modified to

t
f q
5[] = opxg + [TLttx,w + 8, te,x°H, Splat, (2.55)
1=1
to

where
Ci> 0 if Si< 0

Hi(Si) = (2.56)

0 ifS; 20,
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and the constant penalty coefficients Cvi i=1,..,q) are selected by the in-

vestigator,

Second, suppose that inequality constraints
Gi(t,x,u) Z0 i=1,...,r) (2.57)

which satisfy the following constraint condition are present:

(06, |, 2% G 0 -0
ou; aum 0 G, 0
has rank r. (2.58)
aGr . .. aGr 0 o . . . . G
-8 u, aum r_

This condition is required to guarantee that the control may be determined
from the appropriate Gi = 0 when a boundary is encountered. The condition
is satisfied trivially if the constraints only contain control variables, e.g.,

G =1 -u? 20, and are independent.

Since the adjoint variables (or Lagrange multipliers) are continuous
across corners where control boundaries are encountered, constraints of
the form (2.57) may be treated directly with little modification of the pro-
gram. Let us first describe the procedure for treating a constraint of the

form (2.57) before we justify the method.

CONTROL CONSTRAINED CONJUGATE GRADIENT ALGORITHM

Suppose the control is a scalar and |u| = 1; the generalization to
more than one control and other control constraints is straightforward:
Dy,
Je{o,1,2,.. } Define W, = {t: |u(J)(t)| 1}, i.e., the set of
points where u (t) is on the boundary. Integrate forward
x = flt,x,u (J )(t)] to the stopping condition and set X \J )(t(fJ))

() - -H [t (J)(t) )(J) (J)(t)] backwards from t( )
Evaluate H( )(t) in the usual way on [to, ( )]. However, the inner

product <Hg) (J)> is defined by:

1) At the beginning of the Jth iteration, we have a control u

2) Integrate \
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» 2
< mvs - 1Y) g, (2.59)
u u
[to,tf]'WJ
3) Perform the 1-D search with Eqgs. (2.49), (2.50).
(J+1) o 1(JT1) .
In the search, truncate u at the boundary if |u ) >1, i.e.,

for a trial o .:

J
(J) (J) (J+1)
ifut) - aJp(t) >1, setu t =1 (2. 60)
J J J+1
if u((t; - aJp((t <1, set U.( )(t) = -1,

(This step gives us the means for adjusting the set WJ from itera-

tion to iteration.) Return to (1) after ajy and WJ+1 are determined.

Let us now justify the approach listed above; the method is developed
in Ref, 18, The main difficulties in generating a method for treating control
constraints are: (i) ensuring that the method is defined in such a way that it

can converge to the true minimum (and not a false minimum), and (ii) de-
(1) (F1),
u

veloping a method consistent with (i) for defining <H(I;I),H(l'1])>/<Hu f

when the iterate has bounded subarcs.

First, we shall consider how the algorithm should behave near the
minimum. Suppose that the set W is known beforehand, i.e., the points
t e [to,tf] for which u*(t) = +1 are known. Then, the algorithm need only be

concerned with "fine-tuning" the interior control segments, In this regard,

(J)
u
trol segments and not the boundary segments. Thus, in the computation of

we would want H ' and p(J) to be such that it only changes the interior con-

the coefficient of p(J-l)(t) in Eq. (2.49), the effect of the boundary arcs is

not included because of the form of Eq. (2.59), and this rule is consis-

tent with requirement (i) above.

In reality, we do not know the set W beforehand, so we must devise a
mechanism for the sets WJ to change from iterate to iterate and such that

WJ = W. This is accomplished by Step (3) of the procedure defined above;

that is, the set WJ is modified in the 1-D search.



CHAPTER 3
PHASE I PROGRAM

3.1 Basic Description

The Phase I Program is designed to minimize a weighted performance
index which includes the following effects:

i. Crossrange
ii, Downrange

- iii, Aerodynamic loading
iv. Terminal total heat

v. Terminal altitude

The equations of motion are written in a cartesian coordinate system
defined by:

>
—t>>

. 4 A -
e 7 AN K I/{\ _ TXV
Ly T x V|
o BT A A A
A v J=KxI

tem:

19
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oo R fq-fpx R
1p = =—= =ip X =
[T x VRI VR
- v - R -
dlzl._ﬁ,dz—_u_-lq“da-_l}_.{\p
lul Vg |ul |ul
NGz + dz
tana‘-cl%, tan B ,tana=——d3——d3—
d,; d; t d;
The state equations are??;
¥ =¥
v v vRvg T
V = —H—3>r+pA|V [(——-+2n +I:I+(211-1) J?J
Vo Vr |u|
o -i, 3.15
VR =V - VA

where V A inertial velocity of the atmosphere. The equations involve the
following assumptions:
a. The relative velocity vector VR is in the plane of the vehicle that
produces the greatest lift.

b. No aerodynamic moments exist about the center of mass.

The performance index is

—_ 2 2
J = Cl rC + Czrd + Pl(h-hf)tf + PZ(Q)tf

() (L g

where

>
]

cross range

o]
"

down range

G [LE (>0
(')—'{o if (+) S0
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The Hamiltonian is

To T+ . - L? +D? 2 I? +D? 2
H=MT +AyV #20Q + Py =—F - 9g -U(———z—m - 9g)

3.2 Subroutine Map

MAIN — ADOTB — ACROSB

WPRJICG
ACROSB — ADOTB ACROSB —— ADOTB

FWDINT —— RK713 — COSTFN — XLAMFN — OUTPUT

ADOTB

DERIV] — ACROSB —ADOTB — ATMOS — AEROD

ADOTB — ACROSB

BAKINT —— RK713 ~——GRADFN

DERIVZ2 —DERIV1 — ADOTB — ACROSB

ACROSB —— ADOTB —— ATMOS —— AEROD

SEKALF
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3.3 Subroutine Descriptions

MAIN: Reads in all necessary data, sets integration coefficients, computes
initial values, and calls on the conjugate gradient subroutine (W PRJCG). On
Return, MAIN prints out a message concerning the results of the iteration
and prints out the control obtained by that iteration.
A. Namelist Input Data

Pl=mn

RE = earth's radius

XMU = u, gravitational constant

OMEGE (3) = angular velocity of the earth

AREA = aerodynamic reference area

ECOEF = heating coefficient

X0(3) ,

VO(3)

TO = initial time

initial position vector

]

initial velocity vector

ALTF = desired final altitude

XMACH = desired final Mach number

FLTANG = desired final flight path angle

QMAX = desired final heating value

XMASS = vehicle mass

IOUT = print frequency for forward integration
IOUT2 = print frequency for backward integration
IPRINT1
IPRINT?2

print control flag

print control flag

DELTS = integration stepsize

IKEY = call flag for output (see FWDINT)

ERRMX = error tolerance for integration routine
ERRMN = not used

TCUT = upper time limit on trajectory

EPST = cutoff tolerance for norm of control change
EPSTF = not used

EPSA = cutoff tolerance for integration altitude cutoff
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EPSIT = cutoff tolerance on gradient norm

ERR = cutoff tolerance for small cost change

ITMAX = limit on number of conjugate gradient iterations
ITMX = limit on steps in 1-D search

KOUNTM = limit on iterations for altitude cutoff

CSTR = guess of final cost value

B = control bound (see SEKALF)

PFUN (4) = penalty coefficient vector

CCOST (2) = coefficients in cost functional

DTFM = maximum allowable final time change

XDTFM = fraction of DTFM used to start 1-D search

B. Control Vector Data
IJKU = total number of control points

U(IJKU, 4) = control vector and time point

WPRJCG: This subroutine controls the application of the conjugate gradient
algorithm. It calls the forward and backward integration routines, directs
the one dimensional search, and updates the control vector and terminal
time, It checks for algorithm termination on small cost change, total num-
ber of iterations, errors in the 1-D search, failure to generate an admissible

trajectory on the first trial.

SEKALF (One-Dimensional Search Subroutine): Determines the parameters

for the new control value in the conjugate gradient algorithm. Fits a cubic

in o to known values of J(a), 8J/8a, to obtain min J(a) and then a* for Jmin,

FWDINT: Subroutine performs the forward integration of the state variables
and calls the subroutines to evaluate the cost functional and final multiplier

values,

RK713: 7th Order Runga-Kutta integration scheme called by both FWDINT
and BAKINT,

BAKIWT: Subroutine performs the backward integration of the state vari-

ables and multiplier equatibns, and calls on GRADFW to calculate the
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gradients and store the value at each integration step. The subroutine also

determines the new search direction.

DERIV1: Subroutine which calculates the time derivatives of the state

variables.

DERIV2: Subroutine which calculates the time derivatives of the multipliers,
ATMOS: Calculates atmospheric parameteré.

AEROD: Calculates aerodynamic parameters.

XLAMFN: Computes final multiplier values.

COSTFN: Computes cost functional,

OUTPUT: Subroutine called by FWDINT which prints out desired trajectory
data,

3.4 Phase Il Program Notes

i) The program obtains the state for the multiplier equations by in-
tegrating the state backward from the terminal conditions of the
forward state integration (as opposed to storing the state in the
forward integration),

ii) Each iterate is terminated on an assumed tf, which is part of the
iteration procedure. The value of tf for the base trajectory is de-
termined by the trajectory as the timne when the desired altitude
is reached (thus, the program also has an altitude-cutoff capability).

iii) See Appendix A for a listing of the Phase I Program.




CHAPTER 4
PHASE 1II PROGRAM

4.1 Basic Description

The Phase II Program is designed to minimize a performance index

which includes the following effects:

1
2
3.
4
5

Crossrange
Downrange

Total heat

Peak heating rate

Final speed and flight path angle boundary conditions.

Phase II Program uses a nonrotating earth centered spherical coordi-

nate system with an Euler angle body-axis system to define the aerodynamic

forces,

Gravity

25
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The equations of motion assuming a nonrotating earth and no aero-

dynamic moments are

R

= V siny
8 _ Vcos ycosy
R cosd
+ _ Vcosy siny
¢ = R

voesmy B

_Bcosy . Veosy , L
“REV R oV cos B

.- "_Vcosycoqusinq) ) Lsinp:,
v g R cos ¢ mv cosvy

where the drag (D) and lift (L) are defined by
L = 7pSV'C| (@, M)
D =4pSV:Cp(a, M)
The cost functional to be minimized is:
J = C1) Retd + CRIR 82 + C ) (Vit) - Vol + Ce)ly ) - VT
tf t

+ce) [aarce (e
to to
te
The term 'dzdt is an approximate method for minimizing the peak heat rate.
to
The Hamiltonian is

H =C()q(R,V) + C(6)d (R, V,y) + A (V siny)

V cosy cos (V cosy siny
T R cosé TR R

+)\4<Esm m>+x<£cosy+Vcosl+ %cosﬁ

R

(- V cosy cosysing L sinf
8\ R cos ¢ mV cosy
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Forward integration of the state variables is cutoff on a desired alti-
tude.

4.2 Subroutine Map

MAIN

|

WPRJCG

l

FWDINT —DERIV]1 — ATMOS —SETUP — SPLINE

XLAMFN — COSTFN — OUTPUT

BAKINT — DERIV2 — ATMOS — SETUP — SPLINE

|

GRADFN

SEKALF
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4.3 Subroutine Descriptions

MAIN: Reads in all necessary input parameters, sets up spline interpola-
tion of aerodynamic coefficients and calls the conjugate gradient subroutine
WPRJCG. On Return, MAIN prints out message concefning the results of

the iteration and prints out the control obtained by that iteration.

A. Namelist Data
Pl =
RE = radius of the earth
XMU = p, gravitational constant
OMEGE = not used
AREA = aerodynamic reference area
ECOEF = heating coefficient
DELT = integration stepsize
IKEY = call flag for OUTPUT
ERRMX = not used
ERRMN = not used
TCUT
EPST
EPSTF = not used

upper time limit on trajectory

cutoff tolerance for norm of control change

EPSA = cutoff tolerance for integration altitude cutoff
EPSIT = cutoff tolerance on gradient norm

ERR = cutoff tolerance for small cost change

ITMAX = limit on number of conjugate gradient iterations
ITMX = limit on steps in 1-D search

KOUNTM = limit on iterations for altitude cutoff

CSTR = guess of final cost value

B = control bound (see SEKALF)

C(7) = coefficients in cost functional

DTFM = not used
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XDTFM = not used

SVARO(6) = initial state variables

TO = initial time

ALTF = cutoff altitude

XMACH = not used

FLTANG = not used

GAMMPF = final flight path angle

VF = final velocity

XMASS = vehicle mass

IOUT = print frequency for forward integration
IOUT2 = print frequency for backward integration
IPRINT1 = print control flag

IPRINTZ = print control flag

B. Control Data
IJKU = total number of control points

U (IJKU, 3) = control vector and time points

C. Aerodynamic Data
N1, N2 = dimensions of coefficient array
Y (N1,N2,2) = coefficient array

(See sample program for input format)

See Chapter 3.3 for descriptions of:
WPRJICG
SEKALF
DERIV1
DERIV2
ATMOS
XLAMFN
GRADFN
COSTFN
OuTPUT
FWPIWT

BAKINT
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SETUP - SPLINE - Subroutine computes aerodynamic coefficients based

upon piecewise cubic spline interpolation. Input is angle of attack (a) and

Mach number (M); returned are the values of C

aCD/Ba.

L’CD’ BCL/HM, 8CD/8M,

(For test runs the aerodynamics were approximated by:

1]

C 2.2 sin®a + .08

D

L

2.2 sin*a cos a+ .01.)

4.4 Phase Il Program Notes

1)

ii)

The state values for the backward integration of the multiplier
equations are stored during the forward integration (as opposed
to backward integration for the state). The program currently

can store the state at 999 time points,

All trajectories terminate at a specified, desired altitude. The
modification to the transversality conditions is discussed in

Chapter 2., Since the terminal time of the N + 1 trajectory, say
(1) )
f f f
linear extrapolation of the control is used on |

, may be larger than t (since h

(N) (N+1)
te s tp 1.

iii) See Appendix B for a listing of the Phase Il Program.

is the cutoff condition), a



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary

Two computer programs for shuttle reentry optimization have been
developed. The programs make extensive use of subroutines so that they
may be adapted to other atmospheric optimization problems with little dif-
ficulty. Because of contract budget restrictions and the long flight times of
realistic shuttle reentry trajectories, the programs have only been checked
out with respect to programming errors. In the next section, suggestions
for a study of the convergence properties of the programs will be presented.
Also, our limited experience obtained with the programs will be discussed.
However, with respect to these comments, it should be remembered that no
controlled study was performed, and thus, the comments are somewhat

tenuous.

5.2 Conclusions and Recommendations

1. Before an extensive analysis of the optimization of reentry trajec-
tories is undertaken, it is recommended that a carefully controlled
study of numerical integration procedures be performed for reentry
problems in which: (a) the controls are piecewise linear (or possibly
higher-order splines) in an integration step, (b) the aerodynamic data
is given in tabular form, and (c) the vehicle is a relatively low-drag
vehicle (e, g., the high-crossrange shuttle). Much of our time was de-
voted to determining an acceptable numerical integration package while
the optimization procedure was the major goal of the study. We found
that RK 7-13 was an excellent scheme with constant aerodynamics and
smooth controls; however, with piecewise linear controls and spline-
fit aerodynamics, its performance was reduced substantially. For
this reason, a fourth-order, predictor-corrector scheme with fixed
stepsize is employed in the Phase II-Program. Research should be
conducted to make the problem suitable for use with RK 7-13 (or some
other high-order scheme) to shorten the long integration times.

2. Because of the relatively low-drag characteristics of the

31
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high-crossrange shuttle, arbitrary initial estimates of the controls in
any optimization program may cause highly oscillatory trajectories.
This is due to the fact that the path angle may become positive (posi-
tive path angle is above the local horizontal) and oscillate about zero
degrees. Thus, it is recommended that, if possible, initial control
estimates be chosen so that y remains negative, Some investigators
have used artificial means to insure y £ 0, e.g., impose a state vari-
able inequality constraint, add damping to the initial iterates, increase
the drag in the initial iterates. This problem may be accentuated by
an inaccurate numerical integration scheme because y is essentially
the difference between two terms of the same order of magnitude,
Thus, Yy may become positive because of numerical error when its true

physical value is negative.

3. Neither program uses nondimensional variables. If the rate of
convergence is slow in simulations, nondimensionalization of the vari-

ables may improve the rate,

4. Most of the investigations which have applied the conjugate gradi-
ent method to optimal control problems have been of low-dimension,
near-linear, and fixed final time. Two exceptions are Refs, 21 and 22,
In these studies, it was found that the method did not perform satis-
factorily on a problem with tight terminal conditions®® and a free-final
time problem??. Since the two programs of this report treat the free
final time problem in two different ways, trends as to which method is

best would be useful information.
te
5. In the Phase II-Program, | q’dt is used in the performance index

to
to penalize large heat rate slopes, and, thus, should aid in "'flattening-

out' the heating rate. This conjecture should be tested since if it serves
to flatten the peak heating rate, it might be a simple way of controlling
peak heating rate in an on-board, optimization oriented guidance

scheme.

6. A convenient test problem for reentry is the maximum crossrange
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problem. In this problem, the optimal control should consist of an

angle of attack which causes (L/D),,,y 2nd a bank angle which is initially
near 90° and which decreases (nearly linearly) toward 0° as time in-
creases to tf. In our limited testing of the Phase II-Program on the
IBM 360/67, a typical iterate (including the 1-D search) required about
one minute of CPU time for a double precision, 2000 second (real-time)

trajectory with a fixed stepsize of four seconds.

7. As noted above, a typical iterate requires approximately one
minute of CPU time. Of course, the large amount of computer time is
mainly due to the numerical integration requirements. Hopefully,
more efficient numerical integration schemes will be developed for use
in conjunction with function-space gradient-type algorithms. In this
development one should keep in mind that both forward and backward
integrations are required, and this heavily influences the choice of a
variable stepsize integration scheme. A possibility in this direction
is spline numerical integration schemes since they result in ''global"

information as opposed to discrete data.
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92
93
94
an
9A
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Un
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100
101
102
JOA
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MLPHEY3) =1,
RETAL?2,11V=2./27,
META(3,11=1./36h.
HETA(4,1)=1,/24,
HETALS,1)=5./12.
BETA(A,1)=,05
BETA(741)==25,/108,
RETA(R,1)=31./300,
RETA(9,1)=2,
RETA(IN,1)=-91./108,
RFTA({11,1)=2383,/4100,
BETA(17,1)=3,/205,
RETA(13,1)=~1777./4100,
PETA(3,2)=1./12.
RETA(4,3)=1./R,
BETA(S,3)=~25./16,
ﬁk]ﬁ(b.&)‘~HFTﬁ(b'3)
RETA(6e4)z=425
NETA(T.4)=125,/108,
RETA(Q,4)==852 /6,
RETAEIN,4)=23,/10R8,
BETA(IY,4)=-361 /166,
RETALI2,0)=BF TA(11,40)
PETA{ AN )Y =0r
BETA{ Tab)Ya=lhe /7 10
PEIA(R S Y=Oh) /725,
PETA(Q N =T 0hn /ah,
HETALLOD )=~ 10a /135,
BETA(LLy%)=446,/102%,
METATL3,8)=9ETA(Y),5)
FETA(T,6)=125,/54.,
HBETA(R4H)==2./9,
RETA(9,6)==107./9,
RETA(10,6)=311./54. -
HETA{1l1,6)==301,/82."
RETA{1246)==6./61,
RETA{13,A)==289./R2,
BETA(R,7)=13./900,
RETA(S,.7)=67,/90.
BETA{10,7)=-19./60.
RETA({1)1,7)=2133./4100,
REIALYI2,T7)==3,/205,
RETA(13,7)=2193./4100,
HETA(948)=3, :
RETAL( 1(\.9)'=.\,7./6.
RETA{IT,8)=4%,/R2,
RETA{1?,8)==3,/4]),
BETA(13+8)=514/H2,
RETA(10,9)=~1./12.
RETA{11,9)=45./164,
RETA(1?249)=3.741.
RETA(13,9)=233,/104,
RETA(IL,10)=18./41.,
RETA(12,10)=60,761,
BEIAL13,10)=12./41.
RETA(13,12)=].
COMAUGATE GRADTENT ROUTINE
CALL WPRJUCGLIER)
GOTO {(10420,30,40,50460, 70.80 90.100).IER
CONTINUF

38
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3=

= x =T =

-
r

110
111
112
113
114
115
114
117
118
119
170
121
122
123
1724
125
126
127
128
129
130

30
33
44
TN
BRI
47
128
149
140
141
152
143
] o
14
146
147
148
149
180
151
152
153
154
155
15A
157
158
159
160
161
17
163
164
16%

v v et



20

30

0H0

50

60

70

RO

o0

100
101

SO0
Hth
520
540G
hao
LN
B0
570
550
590
AO0
h2s
AsN
700
150

WRITE(A4520) 39
6o TN 10}

WRITE(A4530)

G TO 101

WRITE(6H,540)

GO TN 1M

VWRITE(A,550)

GO 1O 101

WRITE(6,560)

GO TH 101

WRITE(6,570)

GN TN 101

VRITE(A,580N)

-0 TN 10}

WRITE(64590)

G TH 101

WRTTE(ALAN0)

CIMTIMOE

WRITF(K,62%) T.KIU

WRETE(RGABD) ({U(Kel ) ol=143)4K=1,41JKLI)

R

FORPMAT(?2T4)

FORMAT{RELO ,0)

FORMATIIIO OX g PONE~D SEFARCH FATLED TO FINGD A MINLMUHAY)
FOPMATEIHD,HX Y ONST IS NMOT DECRFASTNG TN SEARCH D{RECTIONY)
FOWRAT{(THO DX g VCOMVERGENGE ON SAALL CONTROL GHANGEY
FOPEATOTIHNO g9 Xy YT T T COST CHANGE TN LAST TWO TTERATIONSGY)
FORAATOIEO DX g VEATERD T1Y CONVERGE TN TTHAX TTHERATIUNSY)
FOPIRATIIHO 5 X YINTTIAL TRAJECTORY FATLED TO REACH CUT-0OFF ALTY)
FORMAT(IHO 9 DX T MANY INTEGRATIONS STEPS REQUIRED )
FIREMATELHO,SX, "RACKWARD INTEGRATED TRAJECTORY FRRURAY)Y
FORMATELHND,5X s YCONVERGENCE ON ZERO GRADIENT NORMY)

FOPMAT(Y 1,15) .

FORMAT(Y 94,3264 6) . "
FNARMAT(1S)

FIMRMAT(3D26416)

EN[‘I



el

SURRNUTINE WRRICG
SURRNUTINE WPRICGIIFR)
IMPLICIT REALMRL{A=H,(=2)
DIMENSION XJ{R,1) ¢XLAMF(T)ySFRCH(999,4),11(999,4) ,TEMP1I(999,3)
1, PFUN{4) ,CCOST(2),GRAN(999,4)
COMMANZCINS? /DELTS - ERRMX , ERRMN, TCUT ,EPST,EPSTF,EPSALEPSIT,
1 ERRGTTHAX, ETMX g KIWINTMy TKEY =
COUAMON/CONS3/CGTR 3Ry PEUN,CCOST o DTFM o XDTEM
COMMNN/CNTRL/GRAD g SFRCHyUGASTRySTFyTELKJIS, TJKU, ISTAR
1TER=0
€ PERFIRM FNRUARD INTEGRATION TO ALTITUNE CUT-OFF
8 1STAR =0
TFILAG=1
CALL FUMDINT(COST Xy TFoXLAMFZDCDTELIFLAG)
IF(IFLAG JNE. 1) GO TO 94
C PERFMRE RACKMARD IMTEGRATINM

9 CALL RAKINTIXJyXLAMFaTFyITER,DCOST s XNORMS,DCNTF)
TELITFR=-TTMAX) 7,95,93
7 CSAVE=CNST

FImUM = 1ITFR + 1
WRITE(A6N03) TTNLIM
AO3 FORMATILHN ¢SX, *ITERATIDN NUMBER?' ,15//)

C ENTER 1-0 SEARCH
1STAR=1
[Ft AG=)
KEIG = 0
JKMT = 0
TFS=TF
I1FlG=n
[FIDTFM J1LFe 0.,0D0) GO TO 10

C HAVE A RESTRICTION ON FINAL TIME CHANGES, COMPUTE FIRST GUESS
ASTR=DARS{XDTFMEDTFM/STF)
IF(.G==1

10 CAatt SEKALFICOST,NCNSTHASTRyCSTR ¢XNNRMS 4Ry TO3TF, I1TMX s IFLG)
JKMT = JKNT + 1 ,
TF(IPRNTY .GT.0) WRITE(A,600) UKNTLASTR

600 FNRMAT(SX,'1~D SFARCH TRIAL ='415,5X, 'PARAMETER =1,N24,16)

TR{IFLG LGT, 1TMXY 60 TO 11
NTF=ASTRESTF
IFIDTFM JLF, 0,0D0) GO TO 15
IF(DARS(NTE)Y JtLFs DTEM) GO TO 15
WRITE{A,200)

200 FORMATEIHO, SX, *PARAMETER VALUE CAUSES LARGE TF CHANGE')
ASTR=NARS(DTFM/STF)
NTF=ALSTR=:STR

15 TF=TFS~NTF
CALL FUDINTICOST o XS TE G XLAMFSDCDTFLIFLAG)
GN IO 10

11 IF(IFLG JGTLITMX+1)IG0O TN 99

C CHECK FNOR SMALL CONTROL MORM CHANGE
HINDORM = ASTREXMARMS
TF(UNNRM LTLFPST) GO TH 98
NTF = ASTRXSTF

TF = TFS = DOTF
C PFRFNDRM ENRVARD TMTFGRATINN
TFILAG=3

CALL FUNRINTICOST o XJe TR XLAMFZNCDTFLIFLAG)
TRICOSYLLTLOCSAVEY 6D TD )2

IFLAG = 2

KFILG = XKFLG + 1



[FIKFLG,GE.ETMX) GU T 99
IFILG = 1 41
GN TN 10 .
€ HAVE FNUND INTEPPOLATED VALUE, UPDATE CONTROL AT FREQGUENCY OF SEARCH
17 KTInrti=]
Nnry A0 1=l 44018
TAU=SFRCHLL 4 6)
52 TR TAN,G) GT. TAH) G TDO 54
TFLKTAL GGE, TJKUIY GO T 87
KAz Tal)+1

GrTN %2
C TAU L TFS FETWREEN U(KTAU=1,6) AND U(KTAU,4)
54 LE (K TALL o FOL 1) GO TO 86K

C USE HEnEAK INTERPDLATION IN CNTRL DIRECTTON GENERATIOM
MY b K=1,3
TELPE (L oK) ==ASTRESFROHIL oK)+ {U{KTAU oK) =U(KTAU=1,K) )% ( TAU=U(KTAU=~1,
241/ UK TAU 4 ) =UH(KTAU~] &) ) +U{KTAL=-1,K)

55 CHN T rE
GO TO 60
c I'SE LINFAR EXTRAPOLATION
56 KTAj=p
57 PO KR K=1,3

TEUPUCL yK)==ASTRASERCH(L+K)+ (UHIKTAUSK)~U(KTALI=1 4 K) ) H{TAU=U(KTAU,4)
2V UHKTAU,4) = (KTAU=1,4))+U(KTAUHK)
58 CANTINLF
60 CANTI MIE
C COMPUTE MM FINAL VIMF
TF=TFES=ASTR*STF
0O 622 L=1,,KJITS
PN AL =143
Hl Pl )= TFMPUTL ¢ M)
62 VL 2y =SEROBLL o 4)
Pt =<ars
L RS S ENITS
10 Arsn
C CHFECK CHANGE TN GOST VALUFS
TRIDANSICAOST-CSAVE) L T. FRR) GO TN 96
[TFR=TTFR+1

O 10 9

€ L-0 SEARCH ERRORS

@9 JFn=2
TFITFLG JENe [TMX+42)1FR=3
RETURY

C HAVE CNANVFERGENCE MIE TO SMALL CONTROL NNORM CHANGE
QR [EFER = &

RETIR N
C HAVF COMVERGFNCE DUFE TN NO COST CHANGE
9A 1FR=5
RETURM :
C HAVE FEXCEEDED PERMITTED NUMHER 0OF CG STEPS
95 1FR=6
RETURN
C HAVE FAILED TO REACH ALTITUNRE CUT-DFF
94 1FR=7
RETURN
913 IF{ITFR={ITMAX+2)) 92,9],90 -
C NOT ENMOUGH STARAGE SPACE FOR GRANTENT
92 IFR =R
RI{-THRN

C CANNOT FIND INTEGRATION COT-0OFF POINT



91 1ER=9

RETURN
C HAVF CONVFRGED NN GRANIENT NORM
90 IER=10

RFETHRN

END

42



' S RO EERE SFRALE LS Y ¢ NCOST g ASTARGCSTAR ) SNORM By TiS 3 TFy I TMAX 43
b I+ AG)
NOUSLE PEFCISTON COST, BCOSTy ASTARy CSTAR, SNORM, By TO oTFy
VELM Te ALF o RM g Gy DETFRMyAD gRH 4CC o XNNRMyRSTAR
PITHENCTON FUNTI20) yALFI20) 4BM(343),G(3)
ITF(IFIAGLGT . N) GO T 20
TFINCOSTLGRELNLCNO) GO TOH 1S
[F{ASTAR .NFe 0.0D0) GO TO 11
C COMPUTE FTRST PARAMETFR
ASTAR = 2.,0N0%(CSTAR = COSTY/NDCOSY
[FIRJLELOLONO)Y GO TO 10
XNORM=R=NSORT(TF=TO) /SNORM
11 IF{ASTARCLF LD ONNGNRASTARLGTAXNORM) ASTAR=XNORM
FUMTI L =CNST
ALF({1) = 040DO
TELAG = 1
RETHRM
10 XNORM=1,000/7SMNORM
G0 TO 1t
C SIOPFE NF CNST 1S NOT NEGATIVF
15 WRITE(A100) DONST
100 FOUMATILNN,LUX L YIRE VALUE OF THE NON=NEGATIVE SLOPE 18%,D24,16)
TR A0 = JTMAX + 2
[N AR
G COMELETR SEGOMD PAVAMETER
20 1F (THRVAGLGT LYY GO TD 30
| AlLFLP2Y = ASTAR
FURTIE2)Y = COST
| PREAFUNTI2) Sl o FINTELY)Y GO TO 25
\ ASTAR = ALE(2)/2.010
! [FI1AG = 2
\ RETURM
25 [FLAG = 2
cnoTn 31
C COMPUTE THIRD PARAMETER .
A0 IF (IFLAGLLT.3) G TO 59
ALF(IFLAGY = ASTAR
FIEITUIFLAGRY = CNST
TE(EURMTUIFLAG) ZGTJFUNTUIFLAG=1)) GO TO 50
31 ASTAR = ALF(2)%(2.0D0)**x(IFLAG-1)
TF{IFIAGLGELTTMAXY GN TN 40
t IFIAG = TFLAG + )
CFTHRM
C CANMNOT FIND A MTINTMEIM
40 VT TR{A,I01)
101 EORMATIIHO, 10X, *SFARCH HAS FXCFEENED MAXIMUM NUMBER DF STEPSHY)
THIAG = [ THHAX + 2
R THHM
C GFY DATA FOUR POINT INTFRPOLATION
60 [F{TFIAGLFOL3Y GN T 6D
TFLAG = (FLAG ~ 3
Ny %y I=1,3
M Ted) AMF(TFLAG) = ALF{TFLAGHD)
Rv{l,e2) {ALFLIFLAGY + ALF{IFLAGH+III*AMI],3)1/2.0D0
: BM{T41) =(ALFLTFLAG)®%3 < ALF(IFLAG+1}%*%3)/3,000
' 51 G(1) = FUNT(IFLAG) = FUNT(IFLAG+I) -~

non

GO TO 70
C GET DATA FPR  THREF POINT AND SLOPE INTFRPOLATION
‘ 59 ALF(3) = ASTAR

FUNT(3) = COST



(ALE(3) = ALF(2)1)x(ALF(3)%ALF(2))%%2

60 G(1)Y =
G(2) = FUNT(2)%ALF(3)%*%2 .= FUNT(3)*ALF(2)1%%2 ~ LLF(2)%ALF(3)
1 = (ALF{3)=ALF(2))%DCOST = (ALF(3)%%2 ~ ALF(2)%x; ) %FUNT(])
G(2) = =3,0D0%G(2)1/G())

GL3) = FUMT{2)IXALF(3)2%3 — FUNT(3)*ALF(2)%%3 -~ ALF(2)*ALF(3)
1 % CALF(3)%%2 —ALF(2)#%2)1%DCOST = (ALF(3)x%3-ALF(2)*%3)%FUNT(])
G{3) = 2.0D0%G{3)/6G(1)

AA = G(2)
Ky = G(3)
CC= DENST
G0 TN 71

€ SNLVE FOR CHAEFFICIENTS RY CRAMER!'S RULE
70 DETERM. = BM(141 )% {RM(2+2)%RM(343)~BM(3,2)}%AM{2,5)")
1 + BMUL,2)%(RM{3,1)5BM(2,3) = RM(3,3)%BAM({2,1))
Z o+ BHLT 3% (BMI24 1 RRM{3,2) ~ HM(3,1)%BM(2,2)}
Aro= (GTY (NI 2e2)HRM(393) = BM(3,2)%BM{2,43))
1 + G22I M3 a2 b 3 = BM{147)1%8M(3,32))
L+

GEAYS MY G2 aM0263) = BM2,2)40 M 1,43))) /0FTERM

(GLU)IHME2 432 HM(3,1 ) = BRM{3,3)5HM(2,0))}
1 +OGE21E MOy LY ,3) = RM{3, 1 YRRMiY, 3 ))
2 A GEBYE(HRMI2, 1) BM{) 43) = HM{2,3)=RBM(L,1)))/DETERM
CC = (G {nM{2y 1)y uitm{342) « HM(3,1)5nM(2,2))
1 G2 a1 a2l Ay 1) ~BM(3,2)%RM(1,1))
2 + GV (RM() ¢ 1) RMI2,2) = HM(2,)1)%8M(14,2)))/DETERM

C COMPUTE MINIMIZING ALPHA
7Y TF{RB . GT.N,OD0O) G TH 73

ASTAR = (=rAH + DSORT(RR%x%2 = &44,0D0%AARCC))I/AA/2.000
772 1FLAG = ITTMAX + 1
PETURM o _
73 ASTAR = =2.0D0%CC/(RR + NDSORT (AR %% = &4,0N0*AAXCC))
G TN 72 '

FivpD

44



C

10

11

20

21

600
23

?2?

70

71

SHPROTIMNE FWhMT

SURROUTTEE FUDEET GOSN T o XA o 11 o AME oL DT, THL At )

(rPr 11T PEAY SREA=,01-7)

DL e U g Y (g g 1) g DRSAVE (R Yo R (g 1) gV IHe 1)y {Ha1 )y
AU P gl Ly a PEARF Y ) o 2003 o VU)o XSAVE {1 o XE Ao () o PFUNT4)
Gl leib GF CA gl T 494 oGNS (7 ) U AVIILAY LN IA(4)

COEL/GUNS Y /1] g RE G (1F G g ARFA 3 FCUF IF o GNUT 9 MEGU

Ctatt I /COMS2 /LTS o FREMY g FRRMN, TCUT 'EPSTyEPQTF,EPSA,EPS\T.ERR'
1 T TEHAXy JTHAX KOUNTM, IKFY

COMEOMICOINSA/CSTR g F g PFUNSCCOST o DTFM e XDTFM

COMAON/STATO/ XN VO ¢ XOMAG , VOMRAGy VRXVO, TO

COMMOR/STATE/ALTF o XMACHFILTANG yOMAX o SINCR,COSCRy SINDR,COSDR

COEMN/STATE/AL Ty XMASS sUTMUTMAG ’

CORMON/PRINT /T0OUT, IDUT2 o IPRNTL 4 IPRNT2

FXTERIMAL  DERIVY

IMTTIALTIZATION

TS T=XiIMAG=-RE

TENP= TCOUT

bz ()

TRPLR(1Y=0

TF{IFLAG JNE. 1}  TEND=TF

DELT=PDELTS

B30 1=1,3

XA(T a1 )=XN{])

Dy 11 (=446

AJET . 1Y=yii{ 1 -3}

YAl7,11=0,000

YhiH,1)=0,000

Fia= 110}

T =1

1o My

CATE DERIVTICTM X P o el 9B oLl ¢MPARSTPARLLY

LS T=0ann

DEDTE =0 600

KOWIM =0

PERFORM INTEGRATION AND CNOMPUTE COST
CANTINDF

My 21 I=1,8

XSAVE(DY=XJ(I,1)

FTFSTP=TFST

LTIFST=MOD{LMN, TOUT)

TFUIFLAGLFO .2 ANNGIPRNTY LT o2) LTEST=1 .

JRFILTESTerRF0.0)  WRITE(AL600) TMe{XJ{T41)yI=14B)I4(UTM(J)yd=1,3}

TE{IFL AGONE G2 e AND QIKEY oG T oD ANDGLTESTLENL0) CALL LJUTPUT{XJI,UTM)

TI=TM

TM=TM+DFLT

CALL PRTIB(TINX 84200 4MeTOLoTIoTMeXJeXJeDV4PyDERIVL)

| AR b

FORMMATIIHO s SX g VTIME=1 4 1RPD246.16/32Xs *STATE N /68Xy 1PG 24,16/

1 6X o 1PAN24 163X Y CORMIRIIL Y /6X,1P3N246,16) -

CORTIRNSE

TRF(TH-THEMNDYP 2 ,00,09)

IFLTFIAG JMF. 1) GO TO 20 *

M T=RSORTIXIET 1)V 24X (2, 1) %%24X (3,1 )1%%2)=RE

TESTnl [=ALTE

LELTESTY 70,480,270 -

FINAL ALTITUDE TTERATION
CONTI MIE

INDX =4

TFIDARSITEST) .1.T. FPSA) GO T R0



12
T3

73

75

90
91

9?2

RO
81

R2

601
108
100
1 ‘ 101

210
220

46

JF{YNUMT J6GT, KOUNMTM) GO TN 10),

TH(TEST)Y  THHO, T2

M) 73 1=1,8

XS/VECTY=X0(T,1)

TEsIP= 18T .

60T 78 -
tH) 79 1=1,8

XAy LY=XSAVE(TD)

TN=TM

TESTN=TEST

Tia=Tia-nEL T

DELT=TESTPR{TN=TM) /(TESTP=TESTN)

TI1=1M

Ttz TM+0L T

CALL RK7TIZ({INXgB,200eMyTOLsTIsTMeXJeXJeNV4P,DERIVY))
KU T=KINT 4+
ALT=DSORTIXIL Lo Y ) %%24XJ{ 21 )%%24+XJ(341) %x2)=PE
TEST=ALT~ALTF

GOIN 7))

GO TNE1I00,105,81) , IFLAG

TFCIFLAG JFe 1) GO TO 100

GFET FIMALL POINT

DN 92 1=}),8

XI{L 1) =XSAVF(T)

W= TM=DE] T
P T=1E-TM
TIH=TM

T T+ LT

CALL RETIR{THA 3 Ha2003MyTOL T o TMeXJ s XJeDVeP,DERIVI)
THLTEYAG JFOL 2) G TN 108

60T HL

TH=TM

CNST=COSTEN{X,))

CAV L XLAMENEX] AMF, X))

COMPUTE CNST CHAMGE WlTH RESPECT TN -TF

CALL DERIVI(TF XJePeleloBelRPARGZIPAR,)
TF{DTFMaLEe Qe ONDGANNGXDTFMGT0.0N0Y GO TO 104

N B2 I=1,7

DCNTF=DODTF+XLAME(T ) %P (1,41}

TF(P{8,11.LT.0.000) GO TO 104

NCATE=DENTE+RPFUN(&)I%P (R, 1)

WRITE(6EHN0Y TNy (XJ(1e1)el=148),(UTM(J)yJI=1,3)
TF(IFLAGOMEL2 ANDJIKFYGT0) CALL OUTPUT(XJ,UTM)
HWRITE{G,6N1) CNSTHIXLAMF(T) o1=1,7),4,ALT :
FORMATIIHOL5X, ¢ CNST FUNCTION=?,1PN24.167/35X, 'FINAL MULTIPLIERSY/

1 6Xy1P4N24416/6Xe1P3D24,16/6Xy"ALTITUDE =',1PD24,16)

1

RETHOWN
COST=COSTEN(XI)

IF(IPRMTILGEL2) 6N TO 104

RETURN

WRITE(A,210)

TFILAG=TFILAG+]

RETURN

WRITE(6,220)

TFIAG=TFLAGH?

RE-TUHRN

FORMATOIHO, 5X 4 VEXCEENED CUTOFF TIME ON RUN WITH ALTITUDE CUTOEFY)
FORMAT(OIHO 5 X e *EXCEEDED MAXIMUM NUMBER OF ITTFRATIUNS IN TERMINAL
COTNEF )

FND



c SURECUTIME BAKTHT
SURRNUITINE AAK INT (X0 o XLAMF o TG o I TER o NCNST o XNORMS y NCOTF ) 47
TRPLICIT RFAL A (A=H (=7 )
DIFFNATON XS{1461) oYPRIU14,441) 3yDPSAVEL1441),FRIL1441),NDV{1a,1),
PP 16,31 TEIL6 1 ) 4RPAR{LY X D{P L) ¢ XLAMF( 1Yy XSAVE(14) 4 GrRAD(QYT,4),
2G(U9) G SERGH{G9 41 3 TFMPS (999,46) yU{999,4 ), TPAR( 1)
Gy XO03) V(3] URXVII(3)
COMBEOM/STATO/ XM GV o XOMAG o VOMAG JURXVO,TO
COFMON/CMTRLZGR A SFROH G UG ASTR 4 STF9THFoKJITI Sy 1JKU, TSTAR
COMEIM/CNNS2 /DELTS ERRMX g FRRMN s TCUT yEPSTHEPSTFVWEPSALEPSIT,
1 FRR I TitAX g [THX o KMINTM, IKEY
COMMON/PRINT/IOUT,10UT2 4 IPRNT]1 ,IPRNT2
FXTERMAL DFRIV2
C INTFGEATION INITIALIZATION
MM =N
. REMOVFED FIRST STEPER CALL
DELT=DFLTS
NN 10 I=1,7
i0 XS{Tel)=XJ(la1
N1l 1=8,14

11 XS{T41)=XLAMF(1=T7)
TM=0, 000

C PEMOVED THFE SECHND STEPER CALL
inx = 1

TOL = FRRMX
CALL DERIVZ{TM XS yPsbelelby]l sRPARGIPAR,1)

TJK=99%9
C PERFOKM THTFGRATION AND GRADIENT COMPUTATION
26 CONTTMUE

TECT = TF - TH
FROTFSTJLELTHY Gib T 70
CAtL GRAPEN(XS,TH,TJK)
LTEST = MODILMN,IOUT2)
IF(LTESTLEDGD) WRITF{A,600) TESTo(XS(1,41)e1=1,14), (GRAD{IJK,Jd)y
1 J=1,3) .
PN o= LMN 4+ ]
Y 21 I=1,14
21 XSAVELT ) =XS(T,1)
TJk=TJdK~1
TFIIOK LT, 1Y 6O TH 950
C REPLACFED STEPER WITH RK713
TT = TM
M = TM + DELT
CALL PETIZ(INXg144200eMK TOL 2T ¢ TM XSy XSeDVP,DERIV?Z)

¢O TH 20

. TERMINAL TTFRATINN

70 TF(TESTLEOLTO)Y GO TO 30
DY 79 1=1,14

79 XS{T+1)=XSAVF(I)

TM=TM=-DFLT
DFLT={TF=TN)=TM
€ RFPLACED STEPER WITH RK713
T = TM v
1M = T + DFILT
CALL PRTYIICINX 14 4200, MK o TOL o T o TMeXS o XSy NV P NFERIVZ)
TEST = TF = TM -~
30 CALL GRADFN(XS, TM,TJUK)
HPTTE(O«H00) TEFSTeU(XSIT o)1) oI=1410) 3 (GRAD(TIKsI)yJ=1y3)
600 ENRMATIIHO HOX ' TIME =0 1PD24416/4TXs 'STATE VARTABRLESY/6X,
1186D20  167/6X 41 P3024 .10 74RBX o "MULTIPLIFRSY /76Xy 1P40N24, 16/6X,



48
21P3D24.16/38X, 'GRADIENT Y /6X41P3D24416)
C SHIFT GRADIEMT STDRAGE
Kol=1000~-10K
NN 31 L=leKdl
NY 31 #=1,4
3} GRAD{L ¢ ) =GRAD( T JK+U=1 4 M)
C FNRM GRADIFNT QUADRATURF RY TRAPEZDINAL RULE
NN 40 K=t ,KJd1
GIKYZGRAD(Ky 1 VR +GRAN(K ¢ 2 ) %%2+GRAN (K93 ) ¥ %2
40 COANMTINUE
KETAN=0, DD
N 41 122 4K\
41 HFTAN=QETAN+(G(L)+G(L-1))*(GRAD(L.A)-GRAD(L-1.4)!/2.0”0
RETAN = RETAN 4+ DONTF%%2
TE(REIAM JLFe FPSITY GO TO 101
€ GET DERIVATIVE NF CNST WITH RESPECT TN PARAMETER
DENS Ta=1 - TAN
C GET HOWM (- SEARCH DIRFCTION
TECTTER J1r0e DY G TH 42
KMORME =DSORT {RF TAR+ ( HETANEXNORMS /RFETAN ) % %2 )

G0 TN 473
42 XEORMS=NSORT(RETAN)
43 COMTIMUE

TR{TPRMNT? 46T .0) WETTE(6 6OLIBRETANGXNORMSWNCNST DCDTF
60) FORMATILHNGBX o VCRANDIENT NORM SOUARED =1,1PN24.16h/
16X *SFARCH DIRECTION NORM 21,26 ,16/6%X,'COST SLOPE IN SEARCH
DIRECTINON =1,1P0264,16/6X,'COST DERIVATIVE WITH RESPECT TO TF =',
31PN24,16)
C GFT MFW SKARCH DIRECTINN

TF{1ITER WME. 0) G0N TH 51

Y 50 K=l,Kil

nNoSN 1L=l.4

50 SEROCHIK L Y=MRADIY. L)
STF=NCNTF °
(<Y T 8O

51 KTAl=2

NN AN L=lyKJl
TAN=GRAD(L ,6)

52 IFLTAU JLTe SFROCHIKTAU=1,41)) GO TO 54
TE{TAY JLE, SEROH(KTAN.4)Y GO TN 57
TEUICTA JGRe KJTSY GO TD 56
K TAH=Y. TAU+1

GO TN b2
C OTAU 1S BREILOW THE P OER LIMET
S4 TEAKTAY obhbe 23 6O TO 56
KTALI=K TAUI-L
N TN /2
€ FIND SFARCH DRIRECTINON RY LINFAR EXTRAPDLATIDN
56 N 53 K=1,3

TEMPS(L.K)=GRAD(L'K)+(HFTAN/BETAD)*(SERCH(KTAU,K)+(SERCH(KTAU.K)-S
?ERCH(KTAH—I.K))*1TAU—SERCH(KTAU;4))/(SFRCH(KTAU,AQ—SERCH(KTAU-I,#)

3N
53 CONTINUE

GH TN &0
C FIND SFARCH DIRFCTINN RY LINEAR INTERPOLATION
57 N 55 K=1,3

1FWPS(|vK)=GRAn(L‘K)+(RFTAN/HETAD)*((SERCH(KTAU,KQ-SERCH(KTAU-I.K)
7)$(TAH—§FRCH(KTAU-1y4))/(SERCH(KTAU.‘)-SFRCH(KTAU-va))+SERCH(KTAU
3-1.,KM
8% CONTINUE



~O COMTINUE
C STORE SEARCH DIRECTINN
DL 62 L=14,KJ1 494
N 61 M=1,3
61 SEFUCH{L s MYZTFMPS L4 M)
67 SERCH(LsOY=GRAD(L 4&)
STF=NDCDTF +(RETAN/BRETAD)*STF
80 KJT 8= 4]
RETAD=RETAN
RETURMN
90 YRITE(6,200)
ITER=1 TMAX+1
RETURN
200 FORMAT(1HO,5X, "HAVE EXCEEDFD ALLOTTED STORAGE SPACE FOR GRADIENT')
101 WRITE(64220)
ITER=] TMAX+3
RETURN
220 FORMAT{LIHOSXy "GRADIENT NORM LESS THAN TOLERANCE!)
END '



O

DO OOD

SUHHRROUTINFE RK713

10
20
an

40

S0

~ >
>>

8N

90

100

110
120

13n
140

150

SURRNUTINE RKTI3IINNDX yNoeKTyMeTNL s TIoTF o X1 9 Xy XDUM, TE,DERIV)
SEVENMTH ORNER KUNGE-KUTTA INTEGRATION WITH STERSIZE CONTROL

M IS THE MIMEEFR OF STEPS NEFDED

N TS THF NUMBER NF DIFFFRENTTIAL FOUATINNS

KT IS MAX NUMHER OF I TFRATINNS -

ARRAY F STORES THE 13 FVALDATIONS OF THE DIFFFRENTIAL FQUATIONS
SURSCRIPTS FitR ALPHAZBETA, AND CH ARF +)] GRFATER THAN FEHLHERGS
FINY IM FEHERERGS REPORT IS IN F(l.J)

FOTY IS IN FLT+)140)

PARAMFTERS FOR NDEO SURROOTINE MUST BF STORED IN CUMMON
NIMENSTONS MUST AGRFF WITH NUMBER NF DIFFERENTIAL EQUATIONS AND
MIMBER NF CONSTANTS 1M THE PARTICULAR FEHLBFRG FORMULA USED
IMpLICIT REALSAB(A=Hy=7)

NIFENMSTON FL13,25) o XINMIMINY G TEIN) G XTIN) o X (N)ALPH(L3),
T PETA{YI3,12) 4 CHITR) W RPAR(L)ZIPAR(])

BN QLR /AL PH U TA  CH

[RAR(YY = 0

T=71
RN

Nz ()

P10 T=1,N
X{y=X1(1y

CALL DERTIV{T o Xe T INDXyMMaMel gRPARyIPAR 1)
1Y A0 J=1,M

Pl TY =10 (1)

DY 7N F=2,4,13

Ny 40 T=14,N

XOUMETYy=X(1)

NMid=K -]

DO 5N 1T=1,N

DN 50 )=1 4NN

X 1Y=XPUM{ IV +DTH*RETA(K 4 JI*¥F{J,1)
TOUM= T+ AL PHIK Y EDT

CALL DERTVITNUM G XDUMTE s INNDX ¢yMM 4Ny 1.yRPAR,IPAR, 1)
MY A0 T=1,4N

FIKLIY=TE(])

CONTIMUE

no 80 I=1,N

XDum((I)=x(1)

N 90 1=V,N

nn 9o 1L=1,13
X(IMY=X{(I)Y+DTHCH{LY%F (1 ,1)

D120 T=1,N

TE (X(IY)Y 110,100,110

A=la

onoTn 120

A=X{1)

TR =NTHIF 14 I)4+F 111 11=F{1241)=F{13,1))%41,/840./A
FR=DARS(TF(1))

DO 140 I=2 4N

TFINDARS(TRE(I))=~FR) 140,140,130
FR=NARS(TR{T))

CONTIMIE

DTL=DT

M:M+1

AK=,8

DT=AKRDTYI*(TOL/FR ) %% ,125

IF (ER=-TDOL)Y 150,150,180

T=T+DT1

N
3]
I
B}
3]

i)
1)
1
N
]
Ml
bl
8]
)]
M)

50

XN WN

10

12

18
19
20
1

??

2N
h
76
27
28
29
20
31
a2
33

35

37
38
39
40
(.1
Hp
473
bty
Hh
Y8
n
4Hn
Hey
L1
h1
l:’/
53
54
55
Sh
57
SR
5¢



140
170

1640
190
200
210
220

IF (NT=(TF=T)) 1701704160
M= fF=T

CONTI MUK

= T 200

NN 190 T=14N

X{Ty=xhumMil)

IF (M-KT) 210,220+4220

IF (T=TF) 2042204220
RETURN

END

51

1
)

N
t
M)

A0
61
HP
63
X3
65
[Y3)
AT
6R
69~



C SHRRNUTINE DERIVL
SURRNDUTINE DERIVIITXePsLeMyN,MNEJRPARJIPAR,ND)
IMPLICIT REALRA(A=H,N=21}
RFAL#*8 LLDADF
DIMFNSTON X {MyME) qP{NGME) ¢RPAR(ND) 4 IPAR(ND) 4NMEGE(3) ,TEMP (3) ,
ZTE L) o VRUBVZCOFEF(2) 4 COFFMI343) 4GRAD(Q99944),SFRCH{(Y99,4),11(999,4)
B, NMMFEGII(4,3)
CORHONLCIMSY /P T o P E g XM IMFGF g ARFAZFCNFF o GNOT G TIAEGY
COMBORZCMTRL JGRAD g SERCH TG ASTR o STF o TFGKITS, TUKI, "STAR
COAnt I DERTVE /RMAG Y g VR g VRMAG f RHO G NRHOD G VS y NDVS 4 CLLA, CA FTALDCL Ay
1 NDCALIETA
CORata N /S TATEZAL T « XMASS y THAP g TEMP M
PLY 1) =X(44))
P2y 1YeX{hel)
PL3,1)=X(he1)
RMAG2=20,0D0
NO 10 1=1,3
10 RMAGD=UMAG2 4% (141 %X 1,41)
RMAGL=DNSORT(RMAG?)
RVAGI=RMAGIHUNAGY
RIAAGR=RMAG2=PMAG]
(. COMPLITE ACCFLERATINNS NDUE TO GRAVITY
Nno 11 I=6,6
11 PAT o 1) ==Y {13, 1) /RMAGS
C COMPUTFE RELATIVFE VELOCITY
CALL ACROSBINMEGE ¢ Xs VR4 OLUNITC)
N 12 I=).3 N
12 VRETI)=X(I+3,1)=-VyR(])
VRMAG=NSORT (ANNTHRIVR 4R )
C COMPUTE ATMASPHERIC OQUANTITIES AND AERODYNAMIC PARAMETERS
AL TI=RMAGYL-RE ,
CALL ATMOS{ALTI s TEMPR 4PRES yRHD9 VS o DVS IIRHOLNDPRES !
A0 = DARS (RN
XMACH=VR#MAG VS
CALL AFRIDIXMACHCLAGCASETASNDCLAWDCALDETA)
C COMPUTE AFRMODYMAMIC COFFFICIFNTS
COFF{1) =RROSAREAXVRMAGRVRMAGHC LA/ XMASS/2.0D0
COFF(2)==(2.02FTA+CA/CLA)/VRMAG .
DY 13 T=1,3
DN 13 a=1,3

13 COEFM{T 3 ) =VRETIEZVRIJI*(20NOXETA=1.0D0) /VRMAGH®Y
DN 14 1=1,3
14 COEFMT,1)=COEFM(T,1)+1,0N0

C ADD AFRDDYNMAMIC ACCFLERATIONS TOQ GRAVITY
NN 15 T=4,6
15 P{Is1)1=P (I, )+CNEF(1IXCOEF(2)*VR(I-3)
TF(IPAR(1).EQ.1)Y GN TO 28
C FIND CONTROL VFCTNR FROM TARLE
GO TN (70970.7077007@0?0)9L
22 1F(KT.GELIJKU)Y GN TO 25
KT = KT + 1
ITFITJLELULKTL4)) GO TO 30
6N TO 22
70 KT = 2
20 IF(T.OT(KT,4)) GO Th 22
ITF{TJGFUKT=1,4)) GO TO 30
TF(KT.LEL2) GOH TN 2%
KT = KT - 1
0 TN 20
C INTERPAOLATF FOR CUONTROL WHICH LIES IN INTEFRVAL (H{KT=1,4),U{(KT,4)



A0 i %1 I=1,3

41 PP ) =K =T o DV 4 LUK Ty D =0T =D o T )% T=U(KT=1 340 ) ZLUIKT 4 4) ~U(KT~ 53

2he4)) ‘
33 TEMPM=NSORT(ADNTR(TFMP, TEMP ))

NN 32 1=1,3 :
a2 TEMD (T h=TEMP (1) /TEMPH

GO TOH 40
C TIME LIFS OUTSIDF CANTROL ARRAY USF LINEAR EXTRAPOLATIUN
25 PN 26 1=1,3

TEMP (I )=U(KTy 1)+ (UIKT T =U(KT=1 4T 1) #(T=U(KTy4))/(U(KTy4)=U(KT~1,4)

2)
26 CONTINIE

6N 0 33
€ CHECK ON CANTROL NPTINN FLAG
40 IF(ISTAR LEQ. 0) 60 TO 2R

C FIND SFARCH DIRFCTION FROM TARILE
GN TN (5045346153 ¢h1,60) 4L

50 ITF{T J1.Tea SFRCH{KTS=1,41) GO TO A0 .

52 IF(T JLEse SERCH(KTS,4)) GO TO 65
ITRF(KTS-KJITIS)Y 51455455

51 KTS=KTS+1
GOTO 52

A0 KI8=2

Al FHET o1 Te SEROCH{KTS-14,4)) GO TO 65
[CIR T B

6“4 T o be SERCHIKTS=-14,40) GO TO 55
I T As

COINTERPOLATE FOR SEARCH DIRFCTION

D) HATH I Y O B )

Tl Dy =sb i CHIT S =0 T ) #LSEROCHIKTS o 1) =SERCHIKTS =1, [ )% { T=SERCH{KTS-1
2y 0NV USEROHIE TS 3 4)~SFROHIKTS~144))

6 Con TINUE
(-1} TN 4K
55 B0 66 1=1,3

TEMIT ) =SERCHIKTS s IV + (SERCHIKTS o 1 ) =SERCHIKTS =1, 1) ) (VT=SERCH(KTS+4))
3/ (SFROMF{IKTS ¢4 ) =SERCH(KTS~104))

Sh CONTIMIE

C FORM CUMTROL

AR DY HG 21,3

&9 TEMPLIY=TFMPIIY-ASTR=TEM(])

THAPM=NSORT (ADNTH(TEMP ¢ TEMP ) )

nn A7 I=1,3
A7 TEMPLTIV=TEMP(TIV/TEMPM
C ADD CONTRIN ACCFLERATINNS

28 CNNTIMIF

M) 4] T=446

PUlo 1) =P (T 1 )4COFF (1Y (COFFM(T=3,1)%TEMP (1) +COEFMI1-3,2)%TEMP(2)+C

20FFM{T=3,3)%TIMP(3))
41 CONTFL N
C COMPIHITE HEATTING DFRIVATIVE

B = §.224001

PlT7e1) = BFOEFEDSORTIRHO/RHMN )X (1 o262D=4%VRMAG)*% 3,15
C COMPUTE THIFGPATID CNST DERIVATIVE

CALL ACROSKIVR G IEMP s TEMGOLUNTTC)

N 42 1=1,3
42 TEMELYy=TEMOT ) /VRMAG -

ALE2=ADOTHRITEMTEM)

LOADF= (RHDESVEMAGHE2%ARFA/2 Q) %% 2% (AR + {CLAXX2 42, OHETAXCARGLA)

1#ALF2 + (ETARCLANALF2)1%%2)

LOADF = LLOADF/XMASS SRR



PR YI)=LNADF={3,NNOXXMI/RFE/RE) %%2
TRF(P(Re1)elTL0,0N0) P(Ry1Y) = 0.0D0
PETHRN

FRD

54



C SURRDUTIMNE DERTVYD
SURROUTINE DFRIVZIToX Pyl oMgNyNEJRPAR,IPARyND) 55
TMPLICIT REAMER(A=H, =7
REALZH LDRHOGLDCY AsLDCALLDFTA
DTMENSTION X (NgME) ¢ PINGNEY REPARIND)  TPARIND) JUTM{ 3) 4 XS{R,1),

IPSER 1)y NMEGHH{ 34 3) yOMECE (3] 3 GRAD(G99,4) s SERCHI999 04 ) yU(Y99,4)

PVRE3) G VRVRT (3, 3) iIMDR () 4 DMDV ()

FyPFUNTOY GCONSTI2) s VECVREB) 4y VECU(3) 4 VECLVI3) W UNTITC(3)
COMMIOINMZCOINS Y /P T o RE X [MEGE yAREA GFCOFF o GNOIT 4 NIMEG)
COMMONZCONS3/CSTRyB4PRUNGCCOSTWDTFMeXDTFM
COMMOM/DERIVS/RMAGL VR ¢y VRMAG o RHO ¢ NRHD 9 VS yDVS,CLALZAZETAL,DCLA,

1 DCALDETA
COMMON/STATE/ZALT o XMASS 4 UTM, UTMAG
COMMANN/ONTRL/GRAND g SFRCH UG ASTRySTFyTFWKJISyIJUKU, ISTAR

C COMPUITE FORWARD TIME
TH=TF=T .

C FIND COMNTROL VFCTOR
GV T (104196104 19,1048) 10

S5 TFIKT.GRLTAKL) GO TH 1%

KT = KT + 1 .
FREOIMal F KT 4))Y GO T 15
GiT0 6

4] Ki=Tkt
10 TECTMOGTLUHIKT 4)) GO TH &
TEETM LGEe BIKTI=144)) GO T 15
Kl=KT-1
Lr(KT JLFe 1) 6O TO 25
GHoTnR 10
C FIMD CDOMTROL BY INTERPDLATION DR EXTRAPDLATION
15 BN 16 1=1,3
UTM{D) =2 (KT =1y IV 4+ (KT o I =U(KT=1 o 1)) 2 {TM=U(KT=144) i /{U(KT94)=U (KT~
2le4))
16 CONTINUE
17 UTHAG=NSORT(ADDTA(UTM,UTM))
PN 1R I=1.3
18 NTM{IYy=UTM{D) /UTMAG
GO TOH 19
C FIND CNMTROL BY EXTRAPDLATION
25 KT=2
6GNTO 1S
C PREPARFE FOl DFRIV1 CALL
19 DN 20 I=1,.7
20 XS{T410=X{1,41)

[PaR(})=1

CAVE DFETVI{TMGXS oPS ol oMot y,1 oRPARGIPAR 1Y)
COCORMILIE BACKUARD STATE DFRIVATIVES

iy 30 T=147
A0 PLTe1)==PS(141) ]
C COMPUTE MAGCH NUMHER DERIVATIVE WITH RESPFCT TN R

CALL ACRODSHIOMEGE y VR G VFCVUR 4O UNTTC Y

N 31 I=1,3

31 DMNDR(T) ==VRMAGHDVS*X(141)/VS*%2/RMAGL + VECVRI(1)/VS/VRMAG

C COMPOTF MACH NUMKFR DFRIVATIVE WITH RESPECT T V

1 32 I=1.3

32 MOV (1) =VR{T)/VS/VRMAG

C  COMPUOTE DOT PROBUCTS -
XLVR = 0.000
XLVRS = 0.000 .

XLVU = 0,000
No 40 J=11,13



. 56
XLV o= XUVU & X{O, 1) xUTME0=-101)
XLVR = XLVR + X{J,1)%VR{I=10)/VRMAR
40 XLVRS = XLVRS + X{J.1)%X{2-10,1)
VR = ADOTHIVRLUTMYZVRMAG
C COMPUYE CNEFFICIENT TFRMS IN MULTIPLIFR FQUATIONS
CFA = RHIGEAREARCLA/XMASS/2,0D0

.

HA = CFRA%(2,0%XLVD = (CA/CLA + 2.0%FETA}*XLVR)
HB = CFA%(=VRMAGH(CA/CLA + 2.0%ETAY + {2,0%FETA =1,0)%VRUXVRMAG)
HG = CFAMVRMAGH (2 0%FTA =1.01%XLVR

C CAMPITE CRNSS PROPUCTS FNk PUOSTTION MULTIPLIER EQUATIUNS
CALL ACEDSBENMEGE JHTM VEGH 0 UNTTC)
VFCLVIL) = UMPGE(2)%%(13,1) = OMFGF{31%X (12,1}
VHOLV(Z) PIMEGE (3 X {1 1el) = OMEGE(T IRX(13,41)
VECEV(R) Vel G (L) EX (12413 = DMEGE(2)%X(11e1)
HD = CFASVRMAGHR2/RHIN < (XEVH +({2,0%FTA=1,0)%VRY ~{CA/CLA 42.0
Y o TAY YR VR D
HE 2 {CEARVRMAGES ) /CLAYR(XLVURDOLA +( ({7 0%FTA ~1,0)%VRU =2.0
I %R TAYEDCLA = DCA + 205CLAR{IVRU=10)*DETAISXLVR)
C COMPUTE STATF MULTIPLIERS
; DH 41 J=R,10
| PLAe1Y = —(XMU/ZRMAGIRFZIR{NLI+3,1) ~ 3,0%XLVRSEX(J=T 4 1) /RMAGL%R%Z)
1 + HAXVECVR(J=7) + HEXVECILV(J=T) + HCXVECU(J-T)
! 2 HDEX =T+ 1) /RMAGY + HE#DMDR(J=T)
‘ 41 COMTINNOE
SC COMPUTE VELOCTITY MULTIPLIERS
N 42 0=11e13
Pldell = X{d=3,1) + HBEX(Js1) + HARVR(J=10) + HC*UTM(JI=10)
; L+HERDHDV{J=10)
47 CONTIMUE
C AND IN HEATIMG EFFECTS
[ RHOD = 1.22501

COFB= ECOEF *(1.262D- 4 *VRMAG) ™2, (s ¥DREO/2,0/DSQRT (R HO*RNOD)
\ NFA = 3.1S*FCHEF*HSORT(RHO/RHOO)*(1.2620-4*VR“AGO**3.IS/VRMAG**Z

Hon

My R2 1=8,10
87 PLI41) = PUIy1) & X(1A41Y%(CNFREX(T=741)/RMAGL + CUFASVECVR(T=-T7))
D KA F=11,17
R3 PL{l4 1) = PlI4Y) + X{14 V) RCOFARVR(T~10)
C CHECK INFODALITY DN COLT INTEGRAND
TE(PS{R,YY L f . D,Dr) GO TO 300
¢ OCOMPUTE ACRADYMAMIC PARYVIALS
MY = (RFGEARFA/2 J0) %% 2 VRMAG#H%3
NUT = ANOTRIVR, LTI
LORHO =2(2 4000 /RUNY#{ (CAX*2 + 4, O%ETARCLAXCA +16 Q%ETA%%R241,0)
1 RCLA®H2)HVRYAG - DOTH(AJOFETANCLAR(CA =2, 0%ETASRILA)
2 = (G NRETAERP -1 NYEGLAFLIEROT/VRMAGY)
LBCLA = 005 (4, 0%FTARCA + 2.05{4 UFETAXR2+1.0)%CiA)%VRMAG - LOT
1 (G, O0xETAR(CA - 4.U#FTA*CLA) -~ 70 {4 O%ETARRD =, ) 2CLAXDOT
2 JMRMAG)Y)
LDCA = QOX({2,0%CA + 4 0%ETAXCLAYSVRMAG ~ 4, 0%FET AxCLA¥NOT)
LNETA = Q0%(4.0%CLAR(CA + 2.0%ETARCLA)#VRMAG ~ DUT#(44,0%CLA
| 1 H{CA = 4,0%ETAXCLA) = B O¥ETAXCLARI2%NOT/VRMAS)

DLOVR = (RHNZAREA/2.0) 5425 (4 0% (CA%¥2 + &, 0#ETARLLARCA 4 CLARRD
1 R ORFTARE2 +1.0))%YRMAGHERS = 3.0% {4, O%ETARCLACA = B ORETA®%2
2 %0 A##2 JRVRMAGHRZ2HNOT + 2.0% (4« DFETARR2 —] 0 )50 ARR2HVRMAG
3 EDNTHEP)

PLOVRI =005 (=4 0FETASCLAS{CA ~ 2 0%ETASCLA) + 2,08 (4, 0%ETARRZ
T =1 ,0¥RCHLARE2EDDT /VRHALY

TERM = LDCLAXDGLA ¢ LDCAXDCA + LDETA%DETA




C  ADD AFRODYNAMIC LOAN TO MILTIPLIERS
DO 90 I=R,10
P{l,1) = P(I+1) +{LLDRHO*DRHO*X(1=741)/RMAGL + TERM%DMDOR(1=-7)
1 + DLDVRSEVECVR(I=7)/VRMAG + DLNDVRURVECU{I=T))%PFUV(4)/XMASS¥%2
90 CNANTINUF
b 92 1=11,13
P{Is1) = P{I41) + (TERMEDMDR(I-10) + DLDVR*VR(]I=-1))/VRMAG
1 + DLDVRUXUTM(I=10))*PFUN(4)/XMASSH%2 )
92 CNNTINUE
300 COMTINUE
Pl{1441)=0.,0N0
RFTURM
FND

57



C SUBRAUTINE GRANDFN

SHRRAUTINFE GRANDFN{XS.TM,1.0K)

IMPLICIT REAL%#8{A~H1)~7)

REAL®R |.NADF

DIMENSTIIN XS({16451) 9GRAND(99944)3BIA43),VRI(3),TEMF(3),VRVRT(3,3),
JTHIRXA343),D0DU{3) o DODUEZ) o XLAME3) o XO(3) 4 VO(3),LRAVID(3) yOMEGE(3)
PHTRME3Y G PEFUNMAY oG {3 43) o XL TFT(3) 4 DRAGLD)
B IMMEGHI(3,3) 4, CCNSTIZ) 3 SFROH{OG99 44),11(999,4)

(AR COMST /P T GRF o XM OMEGE s ARKFAGFLOFRF o GNOT o (IMEGU
CONMONZCOMER/CSTR Oy PFUNMCOCOST o NTEMGXDTEM

COedann STATEZAL T o XMASS G LITM HITMAG

COEMON/ST AT/ Y1) g VI g XEHAAG o VIIMAG IR XV, TH)
COAMO/CNTRLZGRADGSTHRCH I ASTR o STE o TF«KJTSe TIKU, TSTAR

C CHECK GRADTERT Tluk polnT = EHFFCT OF VARTABILE STEPSIZLE

TRk = 1R = T

TEITUK G GELO99) G 10 9

TF{TMELLTLGRAD(TIK+Y44)) GO TO 9

7 14K = 1K + 1}
ITF(TMELLTLOGRADIT UK+ ,4)) GO TO 9
TFITJK.EN,998) 6N T 8

<N 10 7
8 1K = 999
C SET TIME
9 GRAN(TIK,4)= TF ~ TM
C COMPUTF RFLATIVE VFILOCITY

CALL ACROSRIDMEGE ¢XS,TEMP ,0,UNITC)
NN 10 =143
10 VR{SY=XS({J+3,1) = TFHMPR({))
VRMAG=NSORT(ADONTH(VR,VR))
C COMPUTE AL TITUDE
ALTT=DSORTIADOTH{XS¢XS))=RE
C CNMPUTE A TMOSPHERE AND AFR(OE DYNAMIC QUANTITIES
HREPRODIICE
C COMPUTE ATMOSPHFRE AMD AFRD DYMAMIC OUANTITIES
CALL ATMOS{AL T W TEMPR 4PRES ¢RHO 4 VS sOIVS 4y DRHOLNDPRES)
XMACH=VRMAG/VS
CALL ARFRDNIXMACH CLASCAZETASDCLANCAJDFTA)
C  COMPUTE DOT PRODUCTS
DVYRIE = ADNTRIVR GHITM) /VRMAG
DLV = 0,000
DLVVR = 0,00N
ho 11 I=1,3
DILVU = DLVIY + XS{10+1,1)%=0UTM(])
11 DLVVR = DLVVR + XS{10+1,1)%VR(1)/VRMAG '
C COMPUTE CNNSTANTS

CKA = RHMO*ARFARVRMAG*%2%CLA/XMASS/2.,0D0
CKBE = (2.0%ETA=140)3NDLVVR/UTMAG/VRMAG
CKE = =(DLVY + (2.0%ETA-1.0)%DLVVR*DVRY) /UTMAG

C CHOMPUTE GRADIENT
nn 12 J=1,3
12 GRAD(IJUK J) =(XS{10+J,1)/UTMAG + CKBX*VR(J) + CKC*UTM(J))=CKA
C COMPUTE AFRNNYNAMIC LOAD
CKD = (RHNEAREARVRMAGH%2/2,0D0 ) %%2

LOADF = CA%S%E2 + 4 0%ETARCLAXCA + (4 O%ETAX¥2 4 1,0)*CLA%%2
LOADFE = TOANE = 4,0%FTA#CLA#(CA=240%FTAXCLA)XIVRU

LOADE = (LOADE + (4 ,0%FTAXK2=1 O )XCLARAX2XNVRUR%2)%CKD/XMASS%%x2
LOADE = | NANE = (3, 08GNT )20k

C CHFCK LOAD MAGNTFODE
TFILOADF o FaQaODDY RETURN
C  COMPUTE GRADIENT OF LOAD
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CKE = (RHN%AREA%VRMAG/2.,0)%*%2/UTMAG

CKE = CKE®(2 0% (4, 0%ETA%%2-]1 ,0)%CLA¥X2XDVRUVRMAC
1 ~40%ETAXCLAS(CA ~2.0%ETARCLA) ®*VRMAG)

NN 13 §{=1,3

13 TEMP(T) = CKE®*{VR(I) = DVRUXUITM(1)%VRMAG)
ADD LNAD GRADIFNT TO TOTAL GRADIENT
DO 14 1=1,3

14 GRAD(IJK,I) = GRAD(IGKyI) + TEMP(I)/XMASSH*%2
RETURN
END
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C FUNCTION £OSTEM

DOV PRECTSTON FOUMCTION COSTEN{XT)

TMRPLTCLT REA 2R h-ityl)=7)

PEENS TONM X4 o X003) g TFEMP L) LUIRXVOLA) ¢UNDREZ) JUNZ{3),CCUOST(2),

TRFUNEAY o VI{4) o AT (H 1) g OMFGF {3 o IIMEGNI343),HTM(3)

COMMINICOMS T/ P T o RE Xt WMEGE s AREA GFCOEF o GROT o IMESL)

COMANNZCOMNSB/CSTR y By PEIINGCCOST o DTEM XDTFM

COMMOM/STATE/ALT g XMASS ¢ UTMa UTMAG

COMMOM/STATO/ XD s VNG XOMAG f VIMAG  VRX VN, TN

COMMON/STATE/A . TF o XMACH s FLTANG yOMAX ¢ SINCRyCOSCH o SINDR,COSDR

BO10 1=1,3
10 X{Ii=X1({1,1)
C COMPUTE DOWEde AMGE ARD CROSYS RANGF

CAVLL ACRIISPE (VIRXV ) o X o TEMP 3 1 4 UINDR)

CAT L ACROSHIUNDR yURXV(14a THFMP 41 4 UINZ)

COSHR=ANOTR (XD UMDY /XDIMAG

STHDR=ADATHIXO L UML) /XOMAG

DRANG=DATAN? (STMNUR,CUHSHRY

XMAC=OSORT(ANDUTHR (XX )}

SINCR=ADATH{ X HIRXVO) /XMAG

COSCR=ANDDTRIX 4 UNTZ ) /XMAG

CRANG=DATAND [STNUIR,,CIISCR)

DRANGE=DRANGHRE

CHRAMGE=CR AMGRRE
C COMPUTE AL TT TUDF

Al T=XMAG=RT-
¢ FORM COST valL Ul .

COSTEN=CLOSTEYYRCRANGERCCOST (2 YXDDANGE+PFUNCY YR { AL T=AL.TE ) %% 24+XT (K,

PI)AREUNLAY+PFUN(2 )Y (XT (19 ) =OOMAX ) %%

FEERRYaN
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C SUBRPOTINE X1 AMFA
SURROUTINE XL AMFN{XLAMF X}
TMPLICTIT RFALRR{A-H,0=2)
DIMENSTAN XJ (84 1) 9 XEAMELT )Y oDHDRF(3) o NCDRF I3 4 NDURE(3)
1 XCU3),VO(A) 4 PFUINTES) 4 CLOST2) s OMEGE(3) yOMEGH{343),UTM(3),
3 URXVIN{3)
COMMON/CONSL/PLGRE o Xt o IMEGE 3 AREA ¢FCORF ¢ GNOT o (IMEGU
COMMOM/CONS3/CSTRyBePFUNGCCOSToDTFM XDTFM
COHAMON/STATF/ALTF o XMACHGFLTANG ¢QOMAX o SINCRyCOSCRy SIRDR 4COSDR
COMMNN/STATE/AL Ty XMASS yLITM1ITMAG
COMMBON/STATO/ XNy VD s XUMAG o VIIMAG yUR XV T
C SET FIMAL VFLOGITY MULTIPLIFRS
NN 10 I=4.hk
10 XUAME(T)=0.,0D0
C SFT FINAL HFEATING MUY TIPLIER
AV AMELTY =2 J0DOEPFON(2)# (XD {741 )—0OMAX )
C CHMRUTE FiImAL POSTTION MULTIPLTFRS

it = Al 4 RE
MY 2§21 ,3
20 Pt BT Y =X 00T o) Y /RE
Hhoo 21 1=1.3
21 DECORECT Y ==STNCR=XJ(T 4 1) /CUSCR/RF#%2+URXVO(TII/COSCR/RF

N 22 T1=1,3

BODRECII=XJI(T 91 Y #CNSDR/STINDR/ZRF¥%2={ ADNTH (X0, VO %XU{ 1) /VOMAG/ XOM

25w 2=V T /VOAMAGY/STNDR/RF
22 CONTIMIE
COM=2,0D0*PFUN(1)*{ALT-ALTE)
NN 23 I=1,3

XLAMF (1) =CCOST(1)#RE=DCDRF(I11+CCOST(2)*RE%XNNDDRF(1}+CON*XDHDRF (1) -

23 CONTINUE
RETURN
=ND
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C VECTIOR NPFPATIONS SUBPRUMRAMS

C CRIISS PRODICT
SHBRODTINE ACROSBIAH CoyITUNITLUNITC)
DO F PRECTSTON AyR o o HUNITC «CMAGLADGTR
DHIAENSENON ACL) BT C (T ) o UNITCLL)
COLY=A02 )= (3)=A13)xn(2)
CU2) =A (3 R (1)~A(1)=ie(3)
C{31=A(1)I%R(2)~-A(2)*R(1)
[TF{TUNMIT JLFe 0O) RETURN
CMAG=DSORT(ADOTRIC,C))
NN 1 K=1,3

1 UNITC(K)I=C(K)/OMAG
RETURN
END

C DOT PRODUCT .
NONVBLE PRECISINN FUNCTION ADOTB(ALB)
DOHRLE PRECISIUN ARy ADOTR
DIMENSTON ACL)«A(1)
ADBOITA=N,ONO
N1 K=1,3

1 ANDTR=ADNDTR+A(K)}*R(K)
RETURN
END




63
d SURROUTINE QUTPUT
SURRNDUTINE OUTPUT(X,11TH)
IMPLIGIT REALHB(A-H,N=7)
DIMENSINN X(R+1) o UTHM{3) JOMEGE(3) o OMEGN(3, 3V, UNTTC(3)4VR(3),
1 UNTTPU3Y yUNITO(3) GUNTTK{3) fUINTTI(3Y4XLTFT(3)
COMMON/CONSL/Z P o RE ¢ XLy DMEGE o AREA ¢ ECDEF 4 GNOT o NMESU,
c CARPUTE UNIT VFCTORS
CALL ACRNSBIUIMEGE 4 Xe VR 4O LUNITC)
| 10 12 1=1,3
i 12 VR{I) = X(I+3,1) = VR(I}
i CALL ACHNDSRKR{X VR qUMITC g1 #IINITP)
; CALL ACRAOSHIONTTR YR GUNTITO,1,UNITO)
| VIEHAG = DSORTIADNTR{VR,VR))
| il

= ADOTRHOGT M, VRY JVRMAG
‘ D2 = ARDER(ITHITTO)
; N4 = ABITR(UTM, UMETP)

C COMMIITE AFRODYNAMI ANGLES
ALFA = DATAMP D2 D)1 ROLONDD/PT
HETA = DATARZ2 (1?2 03510, 000/ 1
ALFAT = DATAR(DRSORT (D222 + D3%%2 ) /D] I%YAN, 0N0/P]
C  COMPIITE BMIT VTS FOp TRANRCTORY PLANF
UMD YK () X{24 115X byl ) = X(3,11%X(5,1)
LRI (2) XU34 1) X{agl) ~ X(1el)¥X(6,41)
Ul TK(3) X{To 11X {550) = X(241)%X(4,])
UMET = DSORT{AUDNTHRIUNTITE JUNTITKY)
iy 15 1=1,3
15 T TC(TY = UMITRLOTY/ZUMIET
CRUL ACKOSHBIUINTTK ¢ Xy UNITC oY yUNITY)
€ COMPUTE UNIT VECTOR IN LIFT DIRECTIUN
CALL ACRNSBIVR UTM XL [FT,N,UNITC)
CALL ACROSHBIXLTIFTZYRWWNITCe14XLIFT)
RMAG = DSORT{AMITR{X 4 X))
! JETAY = ADDTRIXLIFTLUMTTKY
7ETA?= ANOTRIXLIFT LX) /RMAG
| 7ETAZ = ADOTRIXYLIFTLHNTITYY
COMPUTE LIFT VECTOR HNT OF PLANE ANGIF
i PHIOUT = DATAN(ZFTAY/DSNRT(ZFTA2%%2 4 JETA3%X%2))*x180. /PI

Wonou

O

TFETAG = ANOITR(UTM UM TI)
JTETAS = ADDTHUTM, X)) /RMAG
JETAA = ADNOTHIDTMGUINTITY)

€ COMPUTE ANGLFS (OF VFHICIES AXIS
PSINUT = DATAIHZETAG/NDSORT(ZFTASR2+7FETAL% %2 ) ) %#1R0, DO/P]
PSTIN = DATAN?(Z7FTAL,Z2FETAAI*1LBOLDO/P]
C COMDUIE #E1ICNHT DATH ANGLE
ZFI1AT7 (X(1e1)EX{as 1 ) 4X(241)%X{Se1)+X(3,1)%X(He1))/RMAG
7ETAR X{ay)HUNTTI(LI+X (9 1Y RUNTTI(2)+X (A1) ®UINLTI(3)
GAMMA = DATAMPUZFETAYLZETABYXLB0OLNO/PL
WRITE(A,600) M FALRETALALFAT
600 FNRMAT{LIHOLS5X "IN PLANE ANGLE OF ATTACK =9,1PN24.164+5X,
1 'ANGLE NF SINESLIP =1,1PN24,16/6X*TOTAL ANGLE OF ATTACK =¢,
2 1PD24,16)
WRITF(6,601) PHIOUT
601 FOEMATELIHOLSX, 'OUT OF PLANE ANGLE OF LIFT VECTOR =',1PDN24,16)
WRTITF(A602) PSINHTLPSTIN
AC2 FNEMAT(IHOL,BX, "HRONDY AXIS OUT OF PLANE ANGLE =',1PD264.16/
16X, P aNY AXIS TM PLAME ANGLE ='4,1PD24,.16)
WRITE(A,ADS) GAlAMA
A3 FORMATILHO,S5X s YFLIGHT PATH ANGLE =',1PDN24,16)
RETURN

END
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JtRERorTENG ARROD POLYNMOMIAL FIT

GURBPONTINE AFPDODIXMACHT o LA LCADNGETADLDCL AN DO LO,DETAN)
PO PRECTSTON XMACHT oG ARG CAN G FTABGDCL AN NGO, BETAL

PDIMERSTOM ALY, “{8), C(5), DAY
DATA h /941100 0HF=2 4=3,0401%9F-2,5,008882F~3,

~hVRABKE-4,1 ,3A2260F =4/, ) /5063 TRF=1,2.1264R9E-1,

T 2151631 =2,9,06%3459F=34-3,72305%F~4/, C /4.038559F=1.
2.9330609F =1 o3 TATR2PE=2 4 =1 ,001A0RF=245,1T74269F =4/ 411/

Go3TAEIRE40 =6 o 26538 TF+0 924 R2442E+04=h 4142841 =1,1,210893F=2,
~3,1919462F=-3/
XiAA(H SNGE (XMACHT)
TRF{XMAGH, GT .1 0F+1)

NP DN -

G010 10

CA = A1) + XMACHR(A(2) + XMACH(A(3) + XMACHX(A(4) + A(YH)

1 =XMACHD)LY )

NCA = AL2) 4+ XMACHR(2.0%A(3) + XMACH®(3,0%A(4) + 4,0%A(5)%XMACH))
GnoTN 11

CA = )V, 2F=2

DEA = N,OF0

TF(XMACH,GT 9. 0EN)Y GO.TO 20

ETA = C{1) + XMACH®(C(2) + XMACHX*(C({3) + XMACHE(L(4) + C(5)

1 %XHMACH) ))

NETA = C(2) +XMACH*{2,0%C(3) + XMACH*{3,0%C(4)+4,0%C(5)%XMACH))
nnoTn 21 :

ETA = ) .RF+0

DETA = 0.0F0

TEIXMACH GT o H o BE+0Y G0 TH AN

CUA = DY 4 XEACHS(ND(2): + XMACHR(D{3) + XMACHE{D(4) + XMACH

1 =(D{HY + DEAYEEXMACHYY))

NCEA = D(2) & XMACIEE(2.0%D(3) + XMACHX(3,0%N({4. + XMACH%*(4,0%D(5)
T+ S 00D {AYEXMACH)))

1Y T 40

TFIYMACHGT o1 0F+1) GIY TOY 31

CLA = B(1). + XMACH=(HR(?) + XMACH®(R(3) + XMACH:{(H(4) + B(S5)*
1 XMAGH)Y) : v

DCHA = B(2) + XMACH®(2.0%B{3) + XMACH®(3,0%H{4) + 4,0%R(5)%XMACH))

G TN 40

CILA = To6F=)

NCLA = 0.0FD

CLAO =DRLE(CLA)

€an =DRLE(CA)Y -

ETAD  =DHLF(FTA)
CPCLAD =DRLE(DCLAY

NCAO = DRLE(NDCA)Y

DETAN = NRLE{DFETA)

RETURN :

IR

END
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CURRAUTINE ATHOS{ALT L TEMP (PRES (RO VS 2 DVS ZDRND y LERES )
IMPLICTY REALAR(A=-H,0=7) 65
DATA AOQsALsAZ s AB oAb aAS o AGeAT s AB AU, ALDGALLAT2,AY3,A149NAL5.016,
AT A IR AT s AZ200 A2 G A22 9073 3B0 4 R1 412,33, 100, 1ih  Be BT8Ry D1,
N2e03,116/=1,09020290=T 4A3BATTDN L TRTO26N=4 4 21 ARO4BEDN,
1.39A0R32 D=6, 284 0] RN, 10337 [RATN-4 420 ROL00ND04924, 136DG,
8.%]AR”/«D—“,.%YYYY%&SU—],.hsaﬁlﬂﬂnﬂ.l.BOHZhlu—&.lnw.byolnn.
GhE5 295NN, 1 1ATTOTIN=3, 3HLRAGATN-1,3.61HA044D0,5.5628420-b,
Q?O.ll%hunn.hﬁhlb.&hhnﬂ.\oZHAaOQn»A..ZH%RYOUBk—l.b.EWZ1146“0.
7.u747w10n1n+7.—5.74057?9u7nn.-1.265010595n~1.1.u73ZQ3a3hw-2.
—5.l047455%2“-4,6.0501864060-6-—%.55016?7350~8,1.014102927
n—]ﬂ.).I?Ahavb19n-13.3uﬂ3.676356n0..202169%62610—1.5.&0334458
Q1NN 401 T4300K6DN+T/
MOTE THAT EORMUL AN ARE MIT AGCURATFE FOR ALTITUDE NUTSILE 0 T0 200 KM
AT ORUST b TN METERS
TEEE TS TN DEGREES KFLVIN
PRES TS IN HEWTOMS/Mux2
RHiY TS TM K6/ Mex3
VS IS IN METERS PER SECOND
DRHNLOPRES, AND DYS ARE IN SAME UNITS AS RHO, PRES, fiNL DVS OVER MTS
AL T=A1TI
7=01T%#).0D=-3
TF(7 114242
H 7=0,0
? CONTINUE
IFI7=2.00213,3,4
4 2=2200.00
k) CONTI MUF
YRV
Fil=/4A1
[F72=7+A%
Fa=7-A%
frla=] =0T/ 4 AR
S/ 2=A13%/+A 14
Bz 2=AN19%7+AD20
A:AU/FI+AFMU&Hh(F?)-Ak#nLhG(-h3)+Ah*ULHG(FQ)+Aq#lAnAN(A10¥/—A11)
1-A1?*HIHC(F“)+AlS*UATAN(Alﬁ*Z—AIY)—AIR*ULUG(FA)+;21*UATAN(A22*Z
?=573)
AH=0L,0THRN3TOSNA
ARCz==0, 060804773
ANOzZ=O ORG99 THT
nA:—Aﬂ/(&lvﬁl)+A?/E?—A4/E%+(2.*A6*7+AAH)/E4~(2.$f12*Z+AAC)/ES
1-( 2. %AV REZ+AADY /FA
DA=NAO 00T
TEwP=RO+7a (R} 475 (R24 2% (RB+Z % (RL+ZX(BE+2 % (BA+72{37=38%2)))))))
UTPMP=41+Z*(2.*H7+Z*(3.*H3+Z*(4.*H4+Z*(5.*85+7*(6.*36+Z*(7.*&7-
1R HPETY)I))))
NTEMP=NTEMPRO,NN]
PRES=DEXP(~DLxA)
RHN=H2PRES/VENRP
| PRES=NIPRES
! VS=NSOR T{ NG T EmP)
PRUN==R (D1 0A+DTEMP/TEMPE)  °
DY S=0, 500G {EMP/VS
DIPRES==-NEERESEDA
IF(ALT=2.01n2/1.,01N=3) 5¢54%5 -
6 A=AL T=2,002/1.0ND=3
| RN =R EYEDRIO:A
| PRFS=DIRES#*A+PRES
! VS=VS+NVSHA

SO XN TN D PN -

AN NSND




R

TF{ALT)IT 8,8,
RHO=RHO+DORHOALT
PRES=PRES+DPRES®ALT
VS=VS+NVS=aL T
COMTINUIE

RETURN

EAD

66

1292

LINES PRINTED




APPENDIX B

LISTING OF PHASE 1I PROGRAM

NOTE: The Phase Il Program is built to use either single aerodynamic
approximations or spline-fit aerodynamics. Both listings are presented in
this Appendix. To use the simple aerodynamic approximations, use the
listing of pages 68-90; to use the spline-fit aerodynamics replace MAIN,

DERIV1, and DERIV2 by the listings on pages 91-98 and add the subroutine
SETUP (pages 93-94).
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¢ CAL

10

! Vel

an

4

an

oo
101

500

505
520
53
Gan
560
‘ BRI
[ 570
! 510
sQ0
600

| 6728
% 550

700

750

IMPLICIT REALMH(A=H,N=1) »
DITMENS TN CUTYeSYARMIA) 4 STVIRSLOGG,6) (099,33, TEMP(2),1)TM(2),
PXILARG VY QY LAMF LAY CRAND(V9Y43) 4 SFRCH{9499,3),Y(15%,15.2)
COMMOMICINST /P o KE o XMUSOMFGE g ARFA L FCOFRF 4 GNNT

COMSTINICONS2 JGF TS g TOUT g EPST o EPSTF oFPSAZEPSTITHFikR, JTMAX , 1 TMX,
KM TM, TKEY .
COMBONZCNMS A CSTR G RGO o DTFM XDTEM
COMEON/CNTRIL/GRANGSERCHy U4 ASTR,STF,
COMMON/STATO/SVARND,TO :
COMMON/STATE/ALT  XMASS,UITMeSTVRS
COMMON/STATE/ALTF ¢ XMACH GFLTANG ¢ VF yGAMME , TF
COMANM/PRINT/ZIGUT, 10UT2, IPRNTL1,, IPRNT?2
COMMON/STORE/DFLAV 4 NELSFEyNFLGE GDRLT JKEN
PARELTST/ARAME/P T yRE ¢ XM 4 OMECE s ARFASECORFZDELTSy 1KLY, TCUTLEPST,
PEPSTF o FPSAGEPSTIT o FRRGITHAX I THX fKOHINTMGCSTRyRC,NDIEM, SVARD L TOL ALTF
By XMACH s FLTANG 4 GAMMF f XMASS» TOUT o TOIT2, IPRNTL, IPRMT 2, VF

READ IN NATA

PEAN{ Sy ANAME)

READ(7,700Y 1JKU

REAN(T,750) ((U(Ted)ed=1s3),I=1,1JKt1}

WRTTE{f  AMNAIMFE)

L CONILGATE GRADIFNT ROUTIME

AL HPRJICG(TER)Y

CY T (1032003044080 ,A0,TN,PN,20,100),]1ER

[N RN

VR T (R {AyD20)

(S0 I AR B R

WL YR Ay 9A0)

tal Ty 10y

VT TE(A,5%40)

LT 1M

WETTE(A,550)

GAIN 1o

VI TE(6,5A0)

GO TO 1

WRTITELA,HT0)

GO TN 1M

WRTITE{A.B8N)

O TN 10

WRITE(6,590)

O TO 10V

WRITEI:,A00)

CORNTINOF

HRITE(R,625) 1.KU .

WRITE(R,650) (UKL ) o=1e3)sK=1, 1JKI)

SInp
CFORMAT(PI4)
FOUMATIRFLINL0)

FIMRIATIIHD,, SY 4 *ONE=N SFARCH FATLFD TO FIND A MIMTIIUMY )
FNRMAT{IHO s 5X Y CAST IS NMOT DFECRFASING IN SEARCH DIRECTIUNT)
FORMAT{IHNGHX , "CONVERGENGE (OIN SMALL CAONTRM, CHARGLY)
FOMMAT{YHOBX 'L TETHF COST CHANGE TN LAST TWN [ PERATINONS?Y)
FORMAT(IEN,HY SEFATLED TO COMVERAE TN TYMAX TTERATIUNMSY)
FORMATI RO X, VIMITIAL TRAUECTORY FATLED T RFACH CUT-0OHF
FORMAT(IHO,5X 4 P T MANY TNTFGRATEIONS STERPS REQNIRED )
FORMATIIHOHX 3 "RACKWARD INTEGRATED TRAJIFCTORY FRRIIIRS!)
EMIMATEIHO ¢ 5X o PCOMVERGEMNCE N ZERN GRADIFNT MuRp- v
EORMATEY 1 ,T75) .
FORMAT(Y ,3N26,16)
FIORMAT(]S)

FoemaT(3d26.16)
EnDd

.

KJTSe TIKU, T3TAR

ER

ALT?Y)



69

SURRNUTINE WPRICG(IFR)

IMPLICIT REAL%*R(A=~H,N~7) .

DIMENMSTION X JER 1) o XL AMF{T) SERCH(999,3),J{999,3} , EMPL(999,2),C(7)
2, GRADIYO, )

COBRMNN/CNNS2/DFLTS .TL"T FPST FEPSTFGEPSALFPSIT,,E R, ITMAK, I TMX,
2K Tih, ITKFY
COEMON/CNMSA/CSTR B o€ o NTEM G XDTEM
COFiani/ONTRI/GRAD, SERCHy Uy ASTRSTF KalSeTJtie I STAR
COMMOR/STATF/ALTF o XMACH g FLTANG oV F oGANMETF
COMMONM/PRIMT/IOUT S TOUT23 IPRNTL I#RNT?

1 TER=0

ASTR=0,0N0

-

C PERFNRM FNRVARD INTEGRATION TN ALTITURE CUT-NEE
[} ISTaAR=N
TR AG=)
KMX =0
CALL FWDINT(COST o X, XLAMFE GNCNTE LT AG)
IF(TIFLAG JNMF, 1) GN-TO 94
TE(ITERLFOL,0) GO TN 9
€ CHECK CHaNMGE IM COST VALJFS :
5 TFINASS{CNST=CSAVE)Y L1.T. EPRY (U TH 94
C PERFNRM RACKWARD TMTEGRATINN
9 CALL BAKINT X G XLANME g TR 3 ITFR$NONST o XNORMS 4 DENTF)
TFCTTER-TTMAX) 7,95,93
7 (SAVE=CNST .
TTMUM = TTFR + 1
) WRTITF(AHNB)Y TTMINA
603 ranAT(ywo.bx,'lTFPAT[nN NHMRFR'vl5//)
C FMTRF 1= SFARCH
KFLG = 0
6 ISTAR = 1
[FILAG=?
JKMT = 0
TFS=TF
*IFI6=0
10 CALL QEKAIF((OQT.DFHQT ASTRSCSTReXNORMS s Ry TNy TFSy [TMXL IFLG)
TF(KMX .6T. 5) GO TO 100
JENT = UKNT + 1 ’
TE(IPRNTI.GT.0) HWRITE(A600) JKNTLASTR
600 FNRMATISX, 11-D SFARCH TRIAL =1,15,5Xs'PARAMFTER =1,D24,16)
TF({IFLG JGT. ITHMX) 6O TO 11
CALL FWDINT(COST»XJs XLAME«NCDTFLIFLAG)
LNoTN 10 .
11 TF{IFILG .GT.ITMX+1)GH 70O 99
1IF1L.AG=1
CALL FUMDINT(CHST, X}.XL MF«DCNTFWIFLAG)
CKMX =K MX+]
IFLG=1 .
IF(CNST .6T. CSAVE)Y GO TN 10
c CHFCK FNR SMALL CONMTROL NORM CHANGE
14 UNDRM = ASTRHXNNRMS
TE(UNDRMJLTLEPST)Y GO TN 98
KMX=0
C HAVF FDUND INTERPOLATED VALUE, UPOHATE CONTROL AT FREQUENCY OF SEARCH
12 KTAN=z)
MY 60 11 ,KJIIS
TAN=SFRCHIL ¢ 3)
5H2 TFIU(KTALL3) GT. TAY) GO TO 5S4

TF(KTAL LGE, TJKi) GO TO S7
KTAU=K TAU+1 '



GTN %2
C TAU LIFS RETWEEN [I(KTALI=1,3) AND U{KTAU,3)
Ha TF(KTAN (RO, YY) GO T 56
Co0Se PIOE AR ITNTERPOLATION IN CHNTRL DIRFCTION GFNERATIONM
Ty L6 V=),
TR o8 e=ASTRESFROH{L K )+ {U{KTAGK)=U(KTAN=1,K) )= (TAU=U(KTAlI=]1,
2N/ CIHET AU 3)=U{KTAN=143) ) +U(KTAU=1 ,K)

55 CO TRk
Gy T0 AN
C 1HSE LIMFAR EXTRAPOLATION
56 KTALI=2
57 NN 58 K=142

TFMPULL yK )Y ==ASTRESERCHIL oK)+ {UIKTAUSK ) =U{KTAU=1,K) ) ( TAU=U{KTAU,3)
2V/ UK TAUL3)=U{KTAU=1,3))+U(KTAULK)
58 COMTINUIF
AD CONTINUE
NN A2 1=1,KJIS
NN 61 Mz=l,2
61 DLy MY=TEMPU(L 4M)-
&2 Ii{Ley3)=SERCH(L+3)
TJUKU=K TS
65 CONTINUE
ITFR =1 TFR+1]
an TN s
€ 1-N SEARCH FERRORS
100 1Trik = 2
TFOTRLG JFO, TTMX+2)I1R=3

WO T
O HAVE CUOMVERGENGE mF TN SHMALL CONTROL NDORM CHANGE
ST N S TS

P RN
G HAVE CONVERGENCE DB TO MO COST CHANGE
6 1Fr=5

BETHRN
(. HAVE EXOEFDEN PEEMITTEND NIMRER OF CG STEPS
95 TER=6H

RETIRN
C HAVE FATLED TO REACH ALTITUDE CUT=0DFF
g4 [ER=7

RETURM -
93 IF(ITER=(ITMAX+2)) 92,91,90
C MOT FMNUGH STORAGE SPACE FOR GRADIENT
92 1FR=8

RFTHRM
C CANNCLT FIND INTEGRATION COT-0FF POINT
91 1ER=9

RETHRN
C HAVE CONMVFRGED NN GRADIENT MORM
90 Jre=10

PORTTHIR N

99 TFITFILG-{ITHX+3)) 11CG,105,100
€ NEW STARCH IN GRADIENT DIRECTION

105 TFIKFLG.GTL0) GO TN 100 *
KILFG = 1
101 TT=1,KJIS
DO L0Y =143 -
101 SERCH{TT,JJ) = GRADIIT34)
GO 10 6

C CHECK FOR COST DECRFASFE
110 CAONTINLE

70



]'{1/\0 = i

CAl D BWDTHTLLONT o XA TH o X AMEJDCDTF TELAG)
PV AN T 0 GO S AVE Y G FEY 10N

A TN

[SEENY

PR

71



SURRNUTIME SEKALF(COSToDCNSToASTARyCSTAR, SNOKMy By iU« TFy ITMAX,

1 1FLAG) 72

NOURLE PRECISIGN CAST, DCOSTs ASTARy CSTARy SNORMy By TO 9 TFy
1E it Te A kg ity G g NFETRRM AR oK o0 o XNDRMy#STAR
DI ERS TN F—UN'I'(')(;).I\|_I-'(?0).0“..':‘.(’-5,3),(;(3)
TRFEIFL AG.GT .Y 6D Ty 20
TFIDCNSTLCR.N0NNY Gl Tid 15
IF{ASTAR JNF, N,0N0) GO TO 11
C CHR#AIITE FIRST PRRAMFTER
ASTAR = 2,0D0e{ STAR - COSTY/NDCOST
HSTAR=HzNSORT (2, DN=TF) /SNORM
[FLeSTAR 6T, KBSTAR) ASTAR=USTAR
XeiliRolz 1 « DO/SMORM
TFIASTAR JLFe D.0D0) ASTAR=XNORM
il Fiaf(yy=C0s1
AP (1) = 0,000
TELAG = )
Ros TEIRCE
C SLOPE e GNST IS NOT NEGATIVE
19 M1 TR (6100)Y DONOST
100 FORKATIIHO, 10X, P THE VALUE OF THE NON-NEGATIVE SLOPE IS',D24.16)
IFLAG = ITMAX + 2
P THRY .
€. COMPTE SECOND PARAMETFER
20 1E {IFLAGGTL1) G TO 30
SLEEZY = ASTAR
FLiR TU2) = COST
TF{FONTI2YLLELFUNTILYY GO TO 25
ASTrT ALF(2)/2.0D0
TFI1LAG 2
RETHRN
25 IFLAG = 2
iy TN 31
C  COmPUTHE THIRD PLRANETFR
I I¢ (1TFLAGLLT3) GO TO 59
A FLTFI AGY = ASTAR
Fm Tl FLAGY = CNST
TE(FUNTITFLAGY oGTLFUNT{IFLAG=1)) GO TO 50

3] ASTAR = AP F(2)x(2.0n0) =% (IFLAG=1)
[ (TFLAGLGEL ETHAXY GO T 40
TrLAGS = TFLAG + Y

P
G CatatnlT Bl A BT el st
40 Vi T TE(6G,101)
101 FORMAT{IHD 10X, 'SEARGCH HAS FXGCEENDED MAXIMUM NUMRFR OF STEPS')
TFYAG = TTAX + 2
P THRN
€ CET NATA FOUR POINT INTERPOLATION
a0 TF({IFLEGLEGL3)Y GiIt TO AO
[FLAG = TFLAG - 3
D51 [=1,3
RMIT,3) = ALF(IFLAGY - ALF({IFLAGHT)
Bei(142) S(ALF(IFLAGY) + ALF(IFLAGHI))*RM(],3)/2.000
EFM{T1,1) ={ALFLIFLAG)I®%®3 = ALF{TFLAG+I)*%3)/3,0N0
51 G(I) = FUNTUIFLAGY = FUNT(IFLAG+I)

GO TN 70 ~
C GET NATA FNR  THREF POINT AND SLOPE INTERPDLATION
59 AL F(3) = ASTAR

FUNT{3) = CNST
60 G(L) = (ALF(3) = ALF(2))%(ALF(3)*ALF(2))%a2



C

C

"72 IFILAG =

G12) = FUNT(2):ALF(3)%%2 ~ FU
1 ®ALF(3)Y=ALF(2))%DCOST = (AL
G(2) = =3.0N0%G(2)Y/G(1)
G{3). = FUNT(?)*=ALF(3)%%x3 -~ FU
1 R (ALF(3):%%2 =ALF(2)%%2)%DCOS
G{3) = 2.0D0%GE3)/G(1)
AN = G(2)
g4R = G(3)
CC= 0DNST
Gn T 71
SOLVFE ENR COEFFICIENTS Y CRAMFR
TO NFIFRM = RM{1,1)%RM(242)%RM(
1 o+ BM{Ue2VE(RM(3, 1 %4M{2,3) -
7 4 BM{1,3)R(BM{2 1IN RN(Re2) -
Al = (GLY1) S(RM{[2,2)508(343)
1 + G2V {M{3,42)dM{1,3) -
2 + GERYH(RM(T,2)0M(2,3) -
BR = (GI)5(1a(2,3) %18 (3,1) -~
1 + G2y (HM{Ll,1)5RM{2,3) -
2 + G{RYa (M (241 (1,3) -
CC = (GL1)x(BM{2,41)%i40(3,2) =
1 + GL2) BBRE() g2 )R 3y))
7 0+ GUB3YR(RM(1,1)xBM{2,2) -
COMPUTE MINIMIZIMNG ALPHA
71 TF{8R.GT.0,0DNN) GO TO 73
ASTAR = (—-HH + DSORT(HH%%D -
ITMAX + 1
RFETURN
73 ASTAR = =2.0N0%CC/ (BB + NSORT
G0TN 72 '
£y '

NT(3)%ALF(2)%%2 ~ ALF(2)%*ALF(3)
F(3)ex2 = ALF(2)%xZ)%FUNT(1)

73

NTU3)HALF(2)%%3 - ALF(2)*ALF(3)
T =~ (ALF(3)%%3=-ALF{2)%%x3)%FUNT(1)

.

'S RULE
3,3)=-RM{3,2)%BM(2,3))
AM({3,3)%RM{2,1))
HM {41 )58M(2,2))
— BM(3,2)1%8M(2,23))
RIM{] 42)5RM(3,73))
PBMI242)%BM{1:3)))/DETERM
RM(3,3)%RM(2,1))
B (31 )RM{),3))
HM(2 43 )M (1,1)))/DN=TERM
KM (3,1 )M {2,2))
=R (342 )% 0M{),1))
HM(2431)1%BM(1,2)))/0zTERM

4.0N0*AA%RCC Y)Y /AA/2,000

(BR®#D = 4,0DN0%AA%XCC))




SURRNUTINE FHDTHT(COST ¢ XJ
IMPLICIT RFAL:;:H( A=H,(=2)

NIMENS TOM YPR(R"‘!“.,")pSAVE(nOI)'r‘\l‘R'I)OP‘ROI)VTt."ﬁ'l)'RPAR‘I)'
2IPARCL) ¢ SVARN(A) s XLAMFU6) 4C{T) ySTVRS(999,6) s NFP IR 1) 4UTM(2) ,A14)

3.804)

XLAMF+DCDTF, IFLAG)

COBENNJCONSY/PI o PF XMty IMFGE o AREA s ECOFF GNOT

COMMON/CDNS?/DFLTS.TCUT.EPST'E?STFpEPSAvEPSITcERR'ITMAX,lTMX'

2KAINTH  TKEY

COYMPON/STATE/ALT o XMASSUTM, STVYRS

COMMON/STATN/SVARN, TO

CDNMHN/STATF/ALTF'XMACH'FLTANG.VF'GAMMF.TF
COMMON/PRINT /IOUTy IOUT2 4 IPRNTT 3 IPRNT2
COMEON/STNRE/DELSVDELSE ¢ DELGE yNELT 4KEN

C IMITUALIZATION
TEST=SVARO(1 ) -RE

TEND=TCUT
LMNM=T101T-1
IMX=2
IPAR(YI)Y = D
10 SIX = 24.,0D0
ZERD = 0.0H0
C
A1) = =9,000/81X
a2 = 37.000/81 X%
AL 3) ==59 ., NN/ STX
A(4) = 55.00N/S8TX
A1) = 1.0DD/SIX
R{2) = =5,000/51X
R{3) = 19.,NND/S1X
8(4) = =A(1)
C
RATIN = 19.0N0/270,000
SIX = 6.0D0
TWO = 2,000
C
M=1
1.=1
NFw
N=H
| = 4
M = i
t3 = 2
M4 = 3
PRV T=nEg 1S
KO IR I I 1=146hA
111 6FP{Ta 1) =SYARNG(T)
e (Te1)=0,000
NEP(R,1)=0,0N0
K=1
THa=T0N
20 ASSIGN 100 TN IPLS
KOLNT = 0
NELRYA = PELT/STX
NELRY2 = DELT/TWO
C
N 21 JAY = 1 ,NE
nn 22 Y = 1,N

DPSAVELS 9 JAY) = DEP(J,JAY)
22 DV(JdedAY) = DEP{J,dAY)

CALL DERIVIITM.DV,PyLe M sNyNEJRPARSIFPAR, 1)

4

00750
Q0760
antilo
N0Inn
(IO AT ¢!
00&0O0D
00K1O
00K30
NOR4LY
(IR B0
QNP AQ
00NR71G
NOHRO
NORIO
00900
00910

00920
010930
009446
00950

01030
DIN&D
0La7o
01080
01090
(AR BN
C1110
G1120
N1130



C
¢

o

e ke Ne el

DO

laXake e

75
2) CONTIMIE

FVALUATING THFE DFRIVATIVFS AND STORING THE VALUES

NN 25 gAY 1,NF
" 26 1o
26 YPR{J,M1,0AY) = P{Je.JAY)
25 CONTINUE
IF(INX JFQ. 3) GO TO 30
COST=0.000 :
NCNTF=n,0N0
KLAONT=n
PERFNRM TNTEGRATINN AND CNMPUTE COST
202 COMTINUE o
N 3200 g=1,8
320 DBPSAVF{IL1)=DFPIU,1}
nno 322 d=1 46
327 STYRS{R, 1 =DFPL 4.1}

.

K=K+1
Ti(k JGT. 999) GO T A5
Plad =t o+

ST = TRST
TEOOLMN/TORT Y INNT o0 LMN)  WRITF(AL,A00) TM, (DEP(T41)el=1.,8),
FARIR LN IRR IR B
FEPEACED STEPER BY RKT7113
30 V=M
YAa=V+DE1LT

GO TN IPLS,(100,200)
ENTRY ADAMS PREDICTIOR-CNRRECTOR
APPLICATION OF THE PREDICTOR EQUATION AND THE DERIVATIVE EVALUATION

200 NN 220 JAY=1.NE
NO 2160 3 = 1.N
TELIy JAYI=R(3I%HYPRIJ oML s JAYI+B {2V 2YPR{J 4 M2y JAYI+RI1)HYPR(Jo M3, JAY)
DV IS JAY)I=DEP(JyJAY )+ DELTH*(A(4)%YPR(JyML o JAY)+A( B)%RYPR(JyM2,4 JAY))
DVEde JAY)=DVISsdAY) + DELT*{A(2)XYPR{JyMI,JAY)+ALL)%YPR I, MG, JAY))
210 CONTINUE
CALL NERIVI{TM,DY 4P4Ly M (NyNERPAR,TPAR, 1)
220 COMTINUE

APPLICATINN OF THFE CORPECTOR EOUATION AND THF DERIVATIVF FVALUATION

NN 240 JAY=s1,NF
DO 230 4 = 1,M

230 DVIJLJAY ) = DEP(UJAY) + DFLTH(R(GI®P(JeJAY) + TE(JsJAY))
CALL DERIVYILTM DV P41y M oNyNFRPAR,TPAR, 1)

240 CONTINUFE

SFCONN APPLICATINN NF THF CORRFCTNR FOUATION AND COMPUTING
THE SINGLFE STFP ERROR

NN 250 JAY=1,NF
N 250 J = 1.N
YPR{J Mby JAY) = P({J,JAY)
DEPLJsJAY)= DEP{JIsJAY) + DELTH(B{4)%P(JoJAY) + TE(JsJAY))
PV LS4 JAY) = DEP(J,JAY)
250 CONTINDE

01150

N11A0
01179
01iRD
013un
01200

01230

01240
013%0
013640
013490
01400
01410
01420
01430
N144n
N145%50
014A0
01476

01500
n1s10
01520
01540
01540
01 H%0
01960

0OY5HR0
nilsaen
01600
01610
N1620

0144
01R50
01660
01670



6

1

1
4
4

C
G

C

O

H000

Qn

M) = M4
ity = MY
143 = MP
M7 = Ml
[0} = M0

TRUINY (KDL 2) GI) TO 202

IF(TH LGE. TENDY GO TY 400
ALT=DEP(1+1)-RE

TEST=ALT-ALTF

TF(DABRSITEST) LT. EPSA) GO TO 80
IF(TEST) 72,80,90

ITFLINX JEN. 1) 6O TO 202

FINAL ALTITUDE ITERATINN

70

80

340
£l

1604

GO

601 FORMAT(IHD9X 3 *CUST FUNMCTION=' 3 1PD24e16/35X, 'FINAL MUNTIPLIERS!/

05

400

01

10

20

Fi

100

KCONT=KOOANT+]

IMX=13

IFIKCNONT «GTe KIWINTMY GO TO 101
nn 79 I=14+8
OBFEP{T41)=DPSAVE(] 1)

TM=TM=-DFI_T

REL T=NRLTH*DARS(TESTP/(TESTP-TEST))
GhnoTn 20

TF=TM

NFLSV=DFLT

k=K

MY 3A0 =146
STVRS (K, )=DFP 0,1
COSNT=COSTEREMNEP)

CALE XEAMERNCKL AME gD gk g 4)

HRITE (6 ,600) TMe il PlT o3 ) oluloRYy (HTMIAdY4d=142)
THOTFLAGGHE o 2 ANDGTFEYSGTL0) CALL QUTPUT (DEI LT )

W TFIAGA0T)  CONTy (YL AME(T) 151 46)

FORBATIHO Y, 0 TTIAE =0 3 1P2416/32X ' STATFV/AX, 1P4L24,16/

1 AX e lPAN24,16/39X YCONTROMLY/AX41P3D24,16)

1 AXg1PLN24,16/6X1P20024,16/6X)
RE TR

COST=CRSTEN(DFPY
TH{IPRNTL.GEFL2) 6N TO 104
RETURM

WRTITE(A,41D)
IFLAG=TFIL_AG+]

KFTURFY

WRTTE(A,420)
TFLAG=IFLAGH3

RETUAN

FAKAATITIHO »5X PEXCEEDED CUTAFF TIME OM RUN WITH ALTITUNRE CUTOFFY)
FORMATILIMOHX G VEFXCFFNEND MAXTMUM NUMRER OF TTFRATIUNS

JUTHFE )
TRY RUNGE KHTTA
AY = V o+ DELKYY
Y 120 JAY=1 4 ME
D110 0 = 1M
PV L e dAYY = DFEP{JaJAY) + YPR{JIML JAY)IRNFLBY2

CAll NERIVI(VVGDV,Py 9y M ,NogNF4yRPARJIPAR, 1)

CONTINUE

DN 140 JAY=]1NE
N 130 J = 14N

76

IN TERMINAL C

0] 136
O1740
01750
01760
017/0

027 K80
02240
02300
02310
02370
02340
027340

02360
023706
02380
02390



1406

150

160

170

190
180

oy

651

A50

77
NV, JAYY = . DEP(JdeJAY) + P(JWJAY)IRDELRY2

CALl NDFRIVIIVV DV 4TF.l. ¢MgMyNF4RPARyIPAR,L)
O TN

Iy 160 JAY =] 4MF

Oy 1sn o 14N

TW e hY) DEP(IeJrYY + TF(JWJAYIRDFLTY

TF (e dAY )Y = 2,000 = (TE(JsJdAY) + P(J,JAY))
CALL DERIVYIITHMNV P L s M ¢NyNEJRPARGIPAR, 1)
CONTINGE

oo

tHY 1R8O JAY =], Nt

Ho 170 = 1,M .

HER{dy JAYYIE DEP LS JAY) + DELBYAIX(P(JeJAYI+TE(JeJAY)I+YPR(JyML, JAY))
PV JAYY = DFPLI,JAY)

CALL DERIVI(TH DY P sLe M oMyNF,RPARSIPAR, 1)

nno1en g o= 1,

YPRUD My JAY) = PLUyJAY)

CONTINUE .
KOURT = KOUNT + 1

IF (KOUNT JLTa 3) GO TO 50600
ASSIGN 200 TN IPLS
INX=1 ’
GN TN 8000
WRTTEL6,650)
STNP . .
FNRMAT(! ', VEXCEEDED STATE VAR. STORAGE!')
=N :

02400

02420
02430
02440
024480
02400
02470

012490
024500
02510
n’sz2o
24540
024540

02560
02570
02580
02590
02600
02610
02620

02630



C
10
C
C
C
111
900
20
c -
22
21
C

SURROUTINE RAKINT(XJ 9 XLAMFy TG4 ITFR¢DCOSTy XNORMSHDCOTF)
TMPLIGCIT REAL®A(LA-H,ON=2)
DIMENSION YPR{G,441)yDPSAVF (A1) aDVIAs1)eP(Ay 1) TELA,1)RPAR(L),

2IPAR (I Gy TFMPS{G0Q43) JXLAMF{A) 4C{T )Y DEP{BL) o A(S4) B 4)

L4y GRAD{YYG 33 ) 4 SFRCHIGY9,3) 411(99643)4,G(999) 4 STVRS(999,A),UTM(2)
COMEON/ONMST/PT o RE G Xidl ¢ IMEGE ¢ AREAGZFCOREF 4GNOT
CMOM/CNNS2/NRELTS s TCUT W EPSToFPSTFWFPSAWEPSITyERRy I TMAX 1 TMX,y

2KNUITM, TKEY
COMIMNN/CNTRL/GRADGSFROHW UG ASTRGSTF, KJISyTJKU, [STAR
COUMAON/STATE/ALT o XAASS 3UTM, STVRS
CORND/ STATF/ALTF ¢ XMACH  FLTANG e VF s GAMME o TF
COMMOM/PRINT/TOUT o 10MIT2 s IPRNTY I PRNT2

COMENM/STARF/ODFL SV NDFLSFWNELGEWDELT s KEN
INTTIALTIZATION
SIx = 26.0D0D
7ERN = 0,00
A1) = =G ,0N0/S X
LA(7) = 37.000/51X
AL3) ==58 , 00N/ TX
A(s) = 55,000/81X
R{1) = 1.0NN/STX
B(7) = «5,0D0/STX
R({3) = 19,.,0D0/S1X
B{4) = «A(1)
RATIN = 19.0ND0/270.0D0
SIX = 6,010
TH = 2.0N0
L=TJKH
NE=1
N=6b .
M1 = &4
42 = 1
3 =2
M4 = 3
NELT=N"ILSV

ne 111 I=1,6

NFEP (T 41 =XLAMFL(T)
Til=0 "

MEK=K RN

VRTTF{A,200) NEK,KFN
FORMAT(Y ', 214)

1JK=999
LN 0NT2 -]
IMX=3
ASSIGN 100 TO IPLS
KONT = 0
NDELRYA = DELT/SIX
NEIRY2 = DBELT/TWO
DN 21 JAY = 1 ,MF
nno 22 J = 1loN
OPSAVE (JyJAY) = DEP(J4JAY)
PDVIJ,JEY) = DERP{ILJAY) -

CALL DERIV2{TM,NV4P,L+NEKsOyRPARYIPAR)
CONTINUE

CALL GRADFEN(NEP T, TJIK)

78

(SIR N Ae18]
00160
00710
00 7eo
oaTan
O0ORO0
00R10
0na30
00840
NORK0D
QORAD
0ORTO
ONRKO
NOKRGO
00900
0Na10

00820
00930
00940
00950

01030
01L0A0
01070
01080
01090
n1100
01110
01120
01130

01150
01160



[aNel

C

(@]

e Eelwl

OO0 .

OO OO0

TEST=TF=TM

LidN = MN+)

LTEST=MND{LMN,10UT2)
ITF(LTEST .EQ. 0) WRITE(6+A00) TESTe(STVRSINEK K) yK=146)4(DVI(I,1),
21=146) o (GRAD(TJIK+14vd)9Jd=1s2)

EVALUATING THE DERIVATIVES AND STORING THE VALUES
NN 25 JAY = 1,NE
M 26 = ivN
26 YPR{J,MIL,JAYY = P(J,JAY)
25 CNANTINUE
PEREORM INTEGRATION AMD GNOMPUTE GRAD.
30 v=TM : ‘
Tia=V+ LT
MEK=NFK~1
GOOTN IPLS, (100,200)
ENTRY 'ADAMS PPENICTIOR=CNRRECTOR
APPLICATION DF THF PRENICTOR EOUATION AND THE DFRIVATIVE EVALUATION
200 D) 220 JAY=) (M
pn o210 g = 1N
TE(dsJAY)=HA(3Y5YPR{I MLy JAY)+R(2VXYPR(JGM24 JAY)+R(1IXRYPR(J, M3, JAY)
DV JAYIENER {4 JAY Y+ DELTHR{A(SG)HRYPR (J oMLy JAY)+A(B)RYPR(J,M2,JAY 1))
HV(JvJ/\Y)=‘)V(J'Jl\Y.) + NDELTH(A(2)IXYPR{JoMB34JAY)+A{L)XRYPR(JyMNayJAY))
210 CONTIMUIF
CALL DERIV2(TMaNV4eP 4LoNFKsO4RPAR,IPAR)
220 CAMTINUE . '
APPILICATION OF THF CORRFCTOR FOUATION AND THE DERIVATIVE EVALUATION
NN 240 JAY=1,NF
DR 230 0 = 14,8 '
230 DY (JdeJAYY = DFEP(J,JAYY + DFLTH{RB(4)EP(JI,JAY) + T3(J,JAY))
CALL DERIV2(TM,NV4P 4L +NEKsD4RPAR,IPAR)
240 CONTIMUE ‘
CSECAND APPLIGCATINN NF THE CORRECTNR EQUATION AND COMPUTING
THE SINGLE STEP ERRNR
DN 250 JAY=1,NE
NO 250 0 = 14N :
YPR{J, My JAYY = P(JyJAY)
DFP{JLJAY )= "OEP({ I SAY)Y + DELTX{(R(A)XP(J,JAY) + TE(JJAY))
DV JAY) = DEP(JeJAY)
250 CANTINUE '
5000 MO = M4
M4 = M3
M3 = M2
M2 = M1
M1 = M0
¢

320

N 320 J=1.N

DPSAVE(Je1)=DEP(Jy1)

TFST=TF-TM"

IF(TEST JLE. 1.0D-1) 60 TO 500 .
CALL DERIV2(TMyDV,P4LyNEKsOsRPAR, IPAR)
CALL GRADFENINEP,TM,1UK)}

79

01170
01180
01190
01200

01230

01340
01350
01360
01390
01400
01410
01420
01430
01440
01450
01460
6l4ato

01500
01510
01520
01530
[ARELT 4]
01550
01560

01580
01590
014600
01610
01620

01640
01650
01660
01670

01730
01740
01750
01760
01770



OO0

o

LHMME LMN+]
LTEST=MON{LMN, INUT2)
IFLLTEST JFO. 0) WRITE{A+A00) TESTy (STVRS(NEKyK) 4 K=146)e(DVIIosl)e
Z1=146) (GRAD(TJUK+14J) s J=1,2) .
GD TOH 30
ENTRY RUNGE KUTTA

100 \AY = V + DELRAY2

PO 120 JAY=14NE
NOH 110 J = 1,N

110 DVIJ,JAY) = DEP(J,JAY) + YPR(J,M1,JAY)IXDELBY2
CALL DERIV2(VV NV Py LsNEKs]1+RPARYIPAR)

120 COMTINUE

DO 140 IAY =) NE
D130 0 = 14
130 UV {JadAY) = DEPIJeJAYY + P Ao JAYIRDFLHAY2
CLILL DERIVZIVVLDV,YFoLeNEKy1RPARy IPAR)
140 CONTINUFR

N 160 HAY=]1,ME

HO150 0 = 1.0

OV LdedAY) = NEP(JeJAYY + TE(JWJAYIEDELT
160 TELU,JAY) = 2,600 = {TF{J,JAY) + P{JyJAY))

Catl, DERIVZITMmeNY 4P oL yNFKy0O4RPAR,IPAR)
160 CORTINUE

N 180 JAY

[SIA TR O AL I |

DEP (JedAY)
17¢ v g, JayY)

1+ NF
10 . :

DFPLJyJAY) + DELRYAH(P(JvJAYI+TE(JyJiYI+YPRIJ, ML,y JAY))

DEPLJ e JAY)
CALL DERIV2(TM,DV.PoLNEKyO4RPAR,IPAR)
no o196 ) 14N

190 YPR({J\ M4, JAY) = P(JyJAY)

180 COMTINUF

N E b oo

[}

TF(INK JF0. 3} 60O TO ROO
KOUNT = @hionNT + 1
IF (KOUNT LLTe 3) GO TO 5000
ASSTGN 200 Th TPLS
IMX=1
GO Ty 5000
800 InMx=l
DELT=DBFLTS
GOH TN 20
E00 CALL DERIV2(TMyNV.PLNFKyO4sRPAR,IPAR)
CALL GRADFNIDEP,TM, 1K)
WRITE(64600) TESTy (STVRSINEKWK) oK=146) 9 {DEP(I,1),1=1+6)y (GRAD(IJIK+
ZIVJ)vJ'-‘le)

600 FORMAT(Y VG ITIME=',1PN24.16/4TX s "STATRY/6X41P4D24,16/6X41P2N24416/
24TX G VMULTIPLIERSYV/6X41P4DN24,16/6X41P2N24.16/30Xy 'GRADIENTY/6X41P3
3024.16) )

SHIFT GRADIENT STONRAGE
KJ1=999=-1JK
DO 830 L=1,KJI -
NnO 830 M=1,3
830 GRADIL MI=GRAD(TIK+L M) .
FORM GRANIENT OUADRATURE BY TRAPEZOEDAL RULE
DN 40 K=1,KJI1

80

07210
072290
02300
N2310

02320

02330
072340

02360

027370

02330
D2350

02400

02420,

07430
(7440

N2450.
02460
024710

02490
02500
02510

02520°

02530
02540

0?2560
02570
024580
02540

02600
02610
02620

02630



40

! 41

a2
43

AD L

50

51

105

202

300

4nn

501

AD

61
62
80

101

225

GUZ)=CRADIK 1 IRGRADIK 11 +GRAD(K 42 ) *GRAND(K,2)
CANTINGE

BETAN=OL0

ST=KJ1=1

DO 4l L=2+J1

RETAN=RET AN+ {GILI+G(1.=-1) ) %DELTS/2.0N0
RETAN=RETANF{GIKJII)+GIKJITI=-1 ) %DELSV/2.00

TF(RETAN LLE. EPSIT) GO TO 101

GEYT DFRIVATIVE NF COST WITH RSEPECT TN PARAMETER
NENST=«RETAN

GET NORM OF SEARCH NDIRECTION

TF{ITFR LEO. O} GO T 42
XNORES=NSORT(PETAN+ { BETANSXNORMS/RFTAD) %%2)

GIY T 43

XMIRMS=NSORT(RETANY)

COMTI MR

FFreTerny2 «OGTe O) YWEITFLALADL) RETAN,XNORMSICOST
FORMATIIHNGOBX y YGRADTENT NORM SOUARFD =1',1PN24,16/

216X PSEFARCH OTRECTION NORM =t  D244)A/6X ' COST SEOPE IN SFARCH

PHIRFCTINN =14 1PD24 .1 6)

GEFT NEW SEARCH DIRECTION
TECETTERZBYSR Nk, TTERY GO TO 61
MY H0 K= 4Kgl

(B18] 50 LL=1,3
SFROHIK L) =GRAD (K, L)

SYE=NCHTF

DELSE=DELSY

GO T 80

NDELG=DELTS

NELS=NELTS

NN 60 L=l.KJ1

IF(L .GF. KJISY 6O T 202

IF(L JEU. KJI) GO TO 400

PN 105 K=1,2 .
TEMPS{LyKISGRAD(LSK)+(RETAN/RETANIASERCHIL oK)
GO TO 60

DELS=DELSE

IF(L +E0. KJIY DELG=DELSV

NN 300 K=1,2

TEMPS (1 4K)=GRAD({L yK)+(RETAN/RETAD)I*SEFRCH(KJIIS,K)
<0 TN A0

EY G=NFLSY

N 501 K=l,.2

TEMPS (1 oK) =ORAD{L JK)+(RFTAN/RFETAD)I#(SFROH{L=1,K)+DELG/DELS®
2{SFROH(L yKI=SERCH(L=14K)))

COMTT NUE

STOREF SFARCH DIRECTINON

DL SE=DELG

DY A2 L=1,KJI

N 61 M=1,2

SFROH{ Ly M)=TEMPS (1L M)
SERCHIL+3)Y=GRAD(L,3)
STF=DCNTF+(HETAN/RETAD)Y%STF
KJd1S=K.a1

RETAD=RBFTAN

RETURN

WRTITE(6,4225)

TTER=] TMAX+3

RFTHURN

FORMAT{IHO,5X« *GRADIFNT NORM LESS THAN TOLERANCE?')

END
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e ke RaRel

20

© 30

50
55
60
40

21

31

51

SHRRPHOTINE  DEPTIVLIT oA 9P oL oMM gNF GHPAR G TPAR DY

T TCTT REALSERIA-H=2) -

DIMENSTONG X{INGNF ) g PIMGNE) gRPARIND) g IPAR (MDD ) o THME (2),
TTERE2) o TF(342),{06G9,3) 4 SEKCH (99943} 4GRAD (999, 3}
COMAMIMICONGST /P o RE S XA G DIMEGE GAREA GECNEF 4 CNOT
COMMONZCNTRI ZGRAD G SERTH U ASTR«STF KJT Sy TJKL, TSTAR
COMMOM/STATE/ALT « XMASS y 1 EMP
COMMNN/STATE/ALTE S XHACHSFLTANG S VF o GAMMF

1= TiMF
X = SIATE AND-INTECRATFD CHST
P = DERIVATIVES NF STATE AND INTEGRATED COST AT 1

COMPUTL TRIG FUNCTIONS OF PHI»GAMMA,CHI

TE(14 1) =0STMIX(3,1))

TE(192)=NC08IX (3,10

TE(2,1)=DSTNIY(5,1))

TEL27)1=D0OSTX(B1))

TE(RL L) =NSIN(X (A1)

TE(3423=D008IXT6,1))

CONMPUTE RELATIVE VELOCTTY

RMAGI=X (141

VX ()

VRRAGY : :

CORPUTE ATMOSPRERTC PARAMETERS

AV TE=X(1 1) =RF

CALE AIRODSIALT L g TEMPR GPRES yRHNGVS o DVS o DRHO DPRESY
)’M/\(ZH:\IL‘N.\( /VS ’

= A iy

CORFOTE DERTYATTVES MO ATHOS

Pl LY =VETH(201) : »

PE2e )= IVETHI? W 2)%TE(342)) /{RMAGLATF(1,2))

P33, LV =(VETEIP.2)4TF{3,1))/RiI4AG]
Plas1)={=XIKaTE(241))/(RMAGL=RMAGL)

PUS, 1) ={=XMUSTF(2492))/ (RMAGLXRMAGLRV )+ (VETF(2,2) ) /RMAGL
PlAsl)=l=VETF(2,2)%TF(3,2)%TF (141 ))/(RMAGL*TF(142))

STECIPAR(TY LEO. 1) GO TD 100

FInNO COMTROL

TF{L JGE. TJKU) GO TO 60

IF(U{1L+1,3) .LTa T) GOOTO 50

TF(U(L,y3) .6T. T)Y GO TO 5%

TEMP (1) = U(L.1)+((nll+1.1)—H(L.1))/(U(L+1 3)=U(Ls2)))
1FfP(?\-U(L.1)+((u(c+1.2,—U(L.2))/(U(L+1,3)-U(L.3)) (T=U(Le3))
L=L+Y

GO TN 40

L=L+1

GO OTO 20 )

L=l.=? .

(0 T 20

1EMP(1)-U(Lv])+((U(Ivl)—U(l-l Y7 (UL e3)=UlL=1,2 )% (T=U(Ls3)))}
TEMPI2)=U(L o 20+ L {UIL+2)~U{L=142))/7(U(Ls3)=U(L=1,43) )% (T=UJ(Lo3)))
IF(ISTAR JFO. 0) - GO TN 100

FIND SFARCH DIRECTION

TF(M JGF, KJIS) 6N TO AY

IF(SFRCHIM+1,3) LT. T) G TO 51

TF(SERCHIM,3) JGT. T)Y GO TO S6

D31 I=1,2
TEMII1=SERCHIM, TV +{ {SFRCH(M+1,41)=SERCH{M, 1))/ (SERCH(M+1,3)
2=SERCH(My 31 )% (T=SFRCH(M,3))

M=M+1

GD TO 80

M=M+1

(T-U(Ly3))

82



cnoTn 2
56 M=ivie )
60T 29 83
I3 (il 62 1 1,2
6Ly THECEY . RO T Y e CCSHFROCEI(My T =SFROHIM=13 T )}/ {SERCH M 3) =SEROH
AR I R I I N R L S N VPR
YO S I N N RTT
{ il (i LRt
VP 1) =TEAR (1) =ASTRETEM(])
TEMP2)Y=TEMP(2)~ASTR%TRM(2)
100 COMTIMIE
C COMPUTE AEROD o COEF.
CL=2.2N0NSTRHTHFMAP (1)) 32EXNCOS(TFMP (1)) +1,0D=-2
Cii=2,20NENSIN{TEMP (1) )% +3+8,0N~2
=PI S ARFASV 2 2 EXMASSE? NN

—

C LDD CNMTROL ACCFLFRATIONS
Playl V=P (4,1 )=-00D
Pibeyl)=PIb, 1) +0%CLENCOSITEMP(2Z))/V
Pleel =P lA 1) =0xCL¥DSTNMITEMP (2 )Y}/ (VXTF{2,2))

¢ CNNPOTE HEATING AND HEAT RATFE DERIVATIVES

RHON=Y 2250100

PUTy 1)Y= FCOEFSDSORTIRMOI/RHND )N (] ¢ 2620=4%VRMAG ) *x3,15

! OVREAGEP (4, 1)

i PUAY1)=DSORTIRFHDI/RHGN) %3 15N0*¥] 4 262D=4% (), 262D=4 VRKMAG) %% 2, 15%

‘ 10VRMAG

P{By1)=P{By 1) +{(142620-463VRMAG) %3 ,15%NDRHD)I%P(141)/{2.D0%NSQRT(RHO
JRH00Y)

DURGII=FCOFFRP (B, 1) =FCOEF%P (8,41)

[ THRN

e iuf)




200

a0
40

"0

55

60

400

SURRNDUTINE DERIV2(TS ¢ XSyeP ol yMoNI 4,RPARSIPAR)
ISPLICTT REALRR{A=H,N=7)

NIMENSTON XS(Ay1)4STVRS(999,6) yGRAN(999,3),SERIHI999,3),U(999,3),

2VIEMP U2 ) XP {6011 a X (641 )4P({A,1),4C(T)
CORMON/CONSYL/PT oRE W XM IMEGE s AREAGECOEF o GNOT
COSAN/CONST/CSTR Gy ReCo NTFEMyXDTFM -
COMNMONZONTRL/ZGERAND G, SERCHGIZASTR (STF, KJIS, TUKH s ISTAR
COMMON/STATE/ALT « XMASS G TEMP 4 STVRS
CORMPYNAR/ZSTATF/ALTF o XMACH yFLTANG ¢ VF ¢ GAMME ,TF

T=TF-18 .

PETRETYE STATF VARTABLES FROM STORAGE

TH(NT o0 1Y 61D TO Y0

133 200 1=1,6

X{T 41 =S TVURS (g 1)

(1y TO 40

TRlERPODLATE FROM STATE VAR

TEF (M JkCo 1YY G0y T ROO

NE 30 T=14hA
X{Tal)=(STVRSIM, [ )=STVRS(M=141))/2.N0+STVRS(M=1,1)
[RINE B AN

FIMD CORTROL

IF(L «GE. T4k GO TO A0
FRF{U{1+1,3) LT T) GO TD SO
TF(U(143) 4GTe T GO TO 55
TEMPLII=U(L 4 1)+ (U{L+191)~tI(L 1)
TEMPAZ )= L 21+ {{U(L+142)~U{L,2)
L=+

GN TOH 400

L=l+1

GN 1O 20

=L-1

G TOh 20

[F{U{L=-1,3) +GTe T) GO TO 55 .
TEMPLLY=U{ Lo 1)+ (UL 1) ~U{L=1al )}/ (UL o3)=U(L=1y3))}%x(T=-U(L,3)))
TEMP(2)=U(L 23+ lUCL 2 =UlL=142))/7LU(L3)=U{L=1,3))%(T=U(L,3)))
CONTINUE

COLPUTE TRIG QUAMTITIES

COSR=NCOS{TEMP({2))

SINR=(OSIN(TEMP(2))

SIMNP=DSTIN(X(3,1))

COSP=NCOSI(X{5e1))

SING=DSTIN(X({541))

CNSG=NCOS(X(5411))

SINC=DSINIX(hy1))

COSC=NCOS(X(6,41))

R=X(1s1)

RMAG2=R=R

RMAG3=R%RMAG?

V=X(4,1)

COMPUTE ATMNSPHERIC PARAMETERS

ALTI=X{1,1)=-RE

CALL ATMNS{ALTITEMPR,PRES+RHO,4VS+NDVS,NRHO,DPRES)

XMACH=V/VS

RHO=DARS {RHI))

COMPYTE AFRON ., (COEF,

N=RHOXAREASRVIV/ (2, NDO%XMASS)

CD=2,200%NSIN(TEMP (1) Y *%348,0D=-2
CL=22N0%DSIN(TEMP (1)) R¥2%xDNCOS(TEMP {1 ))+1.0D=-2

NeEEM=0, 0NO

DCHM=0,0D0

ZLUL+1,3)-U(L,3)) )= (T=U{L.3))

)
YZLOLL+1,3)=UlL, 303 )%(T=U(L+3))

84



D

360
KOG

600

PCLAS? 20052, 0003DSTHITEMP LI )Y EDCOSITEMP (L) }%%2=DSIN({TEMP (1)) *%3)

DENA=6,ABOXDSTMITEME (L) ) 2x22DCOSITFMP (L))

FIUO AFROD.  PRRTIALS 85

Pl Vil = AR F ARV SYRC L NRHIT/ (2 o DOXXMASS)

POV = A FEARY R0 2RHN/ARASS+0:DCLM/ VS

[HYGR =050 DA BRI /R0

NNNV=2 ,NO0RCN/V+OHCHM/VS

CN&PUITE MULTIPLIFR DERIVATIVES

Pilel}=XS(2,1)1%V=CNSGHRCNASC/ (RMAG2%XCOSPI+XS (3,11 VHCOSGESINC/RMAG2
2-XS {4y 1) (2. 0D0RXMIESING/RMAG3=DNDR)I=XS (5411 % (2. DuxXMUECOSG/ (RMAG3
3xV)=VRCNSG/REAG2+COSHENDLDR/VI=XS {651 )X {VECOSGHCOSCHSINP /(RMAG2%
4CNSPY=STNBEDLNR/(VHECOSG) ) )

Pl(2,1)=0,0

P{341)==XS{2,11%VECOSGHCOSCHSINP/ (R*¥COSPHCOSP I +XS(641)*VxCISGxCOSC
2/ (RECNOSPHCNSP)

Playl)==XS{1,1)1%STNG=(XS{24))%COSGHCOSC)/ {RRCOSP)--XS(3,1):=COSGHSIN
20/R+XS {4, 1)1=DDOV-XS {5+ 1 12 XMUBHCUSG/ ARMAGZ2 VRV Y +CGSG/R=0%CL*COSH/
3(VEV)+COSEAEDILNDV/VI=XS516, 1 )% (=COSGRCOSCHSINP/ (R%=COLGP)+Q=CL=SINB/
LVEVECISGY=S INRENLDV/Z{VYRCOSG))

P51 ) ==X5{1+1)5ViECOSGHXS (241 ) %VESING*CASC/ (R%COSP)I+XS(3,1)%VRSING
2 STMC/R+XS {4y L)Xt wCUSG/RMAG2=XS (54 1) R {XMURSING /I RMAG2%V )} =V=STING
F/RYI=XKS LAy L) RLVRSINGHCOSCHSINP/ZIRMCOSP ) +0%CL*SINBRSING/ (VHCOSGRCASG
“)) '

PlAs 1) =XS{24 71 )VECOSGESTINC/(R®COSPI=XS {3, 1 1 VRCOSGHINOSC/R=XS(6,41)
2V NG S TMORS TP/ (RECOSK)

ADD PEATTNG VFRECTS

PiaIC=1 .27 50100 .

PUly 1) (1 a L) =CUS)YSFCURFS{1e262N=4%V) X433, 1 95%DRHE/ 02, 0002DSORT (RIHO
Papivingy

Play )= a 1)V =0 (D) RFGOFF®3415N0% (] o 262N =4%V ) k42 4 1 L% DSOPT (RHO/RHONO)
2 - XTANR S NG/ PMAGY =03 (.1))

DO =2 00NEFCHEFS ((1o2602DN=42V %2 01515 ({1e 262D=4%\ ) o DIFHOEY RS TRG/
ZE2005NS0RT (KHOERTNN) ) +3 .1 5005DSORT (RHU/REOD Y% (=X U5 S TNG /RMAG2
-0 0DV AH) '

Fl{Vald=b(1lsel)  =00RFCOEFR{1 42620=05V 13252 1534 (1,26 D~4uVEVe{(-RHN/
2{2.0D0RHDYFDRHOEDRHG/RHOY /{24 0N0#DSORT (RHANZRHN )+ 3, 15%{ (~XMU=SIN
3G/RIMAG2=0%0ND) /{2 JODOENSORTIRANNDERMOY Y +DSORT (RHO/RAUNONY % ( 2 4 ODO X MU
LSTMG/RIMAGR=NDNDR ) )Y

Playl)=Pl6,1Y  =NORFCNFFR{1,262D=45V )%l , 153 (DRHME SING*1,262N-4%VX
Z2V%2415D0/(20D0ENSORTIRHOMNERHNO) Y43, 15N0%NSORT (RHO/KHIN ) 3% { { =X MU%
BCING/RHAG2=0%0NY %2 o LONN+1 o262 D=4 Y5 (= XMIPBSING/RMA(C2-DDDV)Y ) )

Pi5y1)=P(5,1) “DNORECOEF*( (] 4262045V )x%2,15)%1 (1,262D=4xV)

25 0RHNRVRCONSG/ (2 o DO%NDSORT(RHN¥RHON ) ) =3 15%DSORT(RHU/KHOO ) *XMU*COSG
3/RELGR)Y

BN 300 I=1.6

Plisl)==P(I,41)

P E YR

WRITF(bya600)

<THP

FORPMATY YL 3FXCEFNFD LOWER ROUND FNOR STATE VAR. 35 UKRAGEY)

FRNTRY GRADFN{XP,TM,1.0K)

CGRAD(TIK ;1) ==XP (4 11QRDCDA+XP (S, 1) ¥CNSHXOXNCLA/V-XP (64 1) xS INRBQ%
20CI A/ LVECNSG)

GRAD(TIJYK 4 2)r=2=XP (5, 1) %Q%CL*SINB/ V ~XP {6y 1)xQ+CL=C0SHB/(VECOSG)
GRAND(TUK,3)=T

TJK=1JK=1 ~

2FTHRN

ENiD
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SHRRNUTINE NUTPUT(X,U3THM)
IMPLICIT REALSR{A=H,)=2)
DITMENSTON X018, 1),UT(2),SVARND(SH)
COMMON/CONST/PT g RE o XMUGNMEGE ¢ AREASZECDEF 4 GNOT
COMMOIN/STATO/SVARND,, TH
CRANG=({XJ{(3,1)-SVARTI{3))=*RE
DRANG={X.3{2,1)=SVARI(2))*RE
ALTI=Xg0),41)=RE
CALL ATENSIALTTIZTEMPRGPRESyRHOGZVSNVS o NRHO,NPRES)
XetACH=X 1 {%e1)/VS
HEAN=X) (6,1 )180.00/P1
FLTA=XJ(5,1)%1RN.0O0O/P]
AMGAT=UITM({1Y=180 N0 /PT
RANK = T(2 )1 8D DO/PT
VRITE(H.700) ALTIoXHACHGCRANG ¢ DRAMG ¢HFEADGFLTAZAMNGAT » RANK

TOO FORMATLION gAX s VFTINAL ALTITUDE' 419Xy "IMACH NUMRFER T, 19X, *CROSS RANGE!
920X g YDMMN RAPGET/ Y 1 ,024,1A510X 024,16, 10XeN24,16,10X,N24.16/
AIN T G PHEADTME ANGLEY 315X "FLIGHT PATH ANGLE', 15X, " ANGLE (OF ATTAC
GRG0 K o VAANK ANGLEY/Y 1 ,N24,16410X4N26,164310X4D24416,10X,024,16)
RETHURM
END



100

SHRROUTINE XL AMFN{XLAMF o XJolL o M)

ITMPLICTT REALZB(A-H,N=7)

DIGENMSTON XJ{Re 1Y ¢ XLARFLA) ySVARND{HT+C{TIyUTM(2)yP(B41)+sRPAR(])
COMMON JCONS T /PTG RF ¢ XMULTIMFOF yARFEALZFCOEF 4GNOT
Cipiseid ¥V ONNS S CSTR o 1o C 9 DTEMGUNTEM
COMMANN/STATO/SVARD,,TU
COMMNOE/STATEZ AT ¢ XIAASS4UTM
COLMOM/STATE/ALTF o XMACH FILTANG ¢ VF ¢ GAMMF , TF
CO-PUTFE FIMAL HMULTIPLIERS

X1 6MF (6)=0,0N0
XLARF(S5)=2.D0%0(4)5(X3(54) ) ~GAMMEF )
X1LAMFE(4)=2,0D05C{3)%{XJ(by1)=-VF)
XLAMF(3)=C(1)EHREXXJ{(3,1)%2.,D0
XLAMF(2)1=C ({2 )*RE%XJ(2+1)%2,D0

CALL DERIVI{TF s XJsPoeloMyRy19yRPARO,1)
XLAMF({11=C(5)%P{T7,1)+C{6)%P(8,1)

NO 1N I=2,6

XLAME (L) =X AMFLYL)+XLAMF(T)}*P(I,1)
XLAMF(1)==XLAMF{1)/P(1,1)

RETURN

END
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FUNCTION  CASTEN(XT) 88
INPLICT G QFAL =2 (A=-H,0=2)

RIMENSTON SVARNEAY o6 0T) oXTIB, 1) 1ITH(2)
COMMINCOMSL/P T o RE o XUy OMEGE s AREA o ECOEF » GNOT
COMIIN JCONS3/CTR o5 oC o NTEHM o XDTFM
COMpan/STATN/SYARD,TO

CAMBON STATEJALTE 9 XIMACH o FLTANG o VF o GAMME , TF
DRANGEZRESXT (2910501 (241)
CRAMGE=RE*XT(341)5X1{3,1)

FNRM CNST VALUE .

CNSTENSC (1) 5CRANGESE (2) SPRANGE+C (3)% (XI (491 )=VF)#£2+C (4) % (XI (5,1)=
20RIE a2 46 (5)EXT T4 1) 4C(6)#XT(B41)

RETIRN

ENn



Q000000

-

[ES I o

SURRNUTINE ATMOS{ALTI ZTEMP ¢PRES oRHI} VS «DVS s DHT (DPRES )

IMPLICTIT REAL“#(A=H,t1=7)

NATA AOGAYL G A2 g A3 G AL A A6 AT Gy ARGAGGAINGALL G AL2 Al 14 4ALN,ALA,
ALGRYR YAV I AP0 GAZT gA22 JA2 3 R0 HY g1 g 143y 11y Ky Ay T R4 D1,
112913304/ =1 601090203001 4 L350 4 TTHO Y o TRIN2AN=44 21 JAROARHD0,
1 3949RA2N=S 4 284,01 THRD0 ) «3327T%63D=4429,8950u610,9244136D0,
BeB 6RO TOAN=4 4 37T TTIARN=] 4 o HAL6THRNO, 1 AN0231LU=441H9,52010D0,
966529500410 163T071D=34 43B1IRBLYATN=1,4,3.A1840494110,5,5628920)=5,
420, 113080044506 TH. 4660041 428440410 =4, ,253R7T0008U~1 454332714600,
2.824T9308114+2,-5.240572992N04=1.2660105950N=..4,1.8732938361)=2,

=5,104T7T465231N=064,A,050186406ND-64=3,5501627350-8,1,014102927
N=1041e1244496190-13,3483,67A356100+420216988261D~1,5.80334458
9100,.40187430086N+3/

MOTE THAT FORMULLAS ARE NOT ACCURATE FOR ALTITUDE OUTSIDE O TO 200 KM

ALT MUST RE IN METERS

TEMP IS IN NEGREFS KELVIN

PRES IS IN NMEWTONS /i

RHO IS IN KG/M%u%3

VS IS IN METERS PER SECOND

DRHD,DPRES, AND NVS ARE IN SAME UNITS AS RHO» PRES, AiD DVS OVER MTS

AL T=ALTI

Z=ALT%1,00-3

IF1Z)142,42

7=0,0

CORTINIE

IF(Z—?.002)3,3,4

7=2004,D0

Cilie TINUDIER

122757

Fl=2+A)

F2=/4+A3

FR27=h5

Fa=72<Nl{wT+NR

Fozml?2=A1 374014

Fh=22=-A19%7+420 B
A=hO/ET+A2%DENGIE2Y=AGADLOGI=FE3)+AARDLNOGIES4 ) +AGRDATAN(ALO*7=411)
1-A12%DENGIES Y +ALS5DATAN(AL6*7-AL1T ) -A1B*DLOGIEG ) +AZ LDATAN(A22%7
2=A23) .
AAR=0.018031Nn3A

AAC=-0.DNA080N3123

AADN==0,028429767

DA==AQ/ (F1#ELY+A2/E2~A4/E3+ (2. %A6%2+AAB)Y /B4~ {2, %A 2%2+AAC)/ES
1-(2.,%AVR2+AAD) /ES .

NA=DAR0, 001
TEMP=RO+Z%#(R1+2*(R2+2Z%{(R3+2%*(R4+71*(B5+2%(B6+2Z*(BT-BE*7))))})))
DTIFMP=R1+2%(2,#R2+2% (3, %B3+2 % (L ¥BL+2 % (5, %BS+I% (6, ¥BO+I* (T *BT-
1R ,%RR%TIV)}) 1))

NTFHP=DTENMP*DLN01

PRES=NEXP(~D1=xA)

RHO=D2%PRES/TEMP

PRES=N3xPRES

VS=DSORT(NGTEMP)

DREO==RHNE(DIRDA+DTFMP/TEMP)

VS=0.9D0%D4xNTEMP /VS

DBPRES==D]1#PRiFSHOA

TF(ALT=2.02/1.0N=3) 5,546 -~

A=A T=2,0D2/1.00N=3

RHN=RHO+DRHO%A

PRES=NDPRES*A+PRES

VS=VS+DVS*A

POUXNITUDP NN~

89



1E(ALT)T7,8,8
RHO=RHN+DRHEALT
PRES=PRES+NDPRESHALT
VS=VS+DVS%HALT
CONTINUE

RETURN

FRD
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c

110

1510

¢ CAL

10

2N

30

4aiy

70
AN
90

100
101

502

505
520
930
540

SR ODUTIMEYS R SEEIME FLIT (O AFRODe ClikF,
[EPLTOT Y REAL SR UA=H -7

DS T CUOY R SVAPDEAY ySTVRS(999,6) 41114969, 3) , TLMP (2} 4UTH(2), 91
2X DB )Y W XLARFL6H) 3 GRANTYYY,3) ,SERCHIYSG ,3),¥Y (15,15, 2) .
COMANN/ TS /P Ty 2y XMy TAEGE o ARF A o FCUFE 4 GNOT

COMBON/COMS2/DELTIS s TOUT o FPSTyERSTF oFPSAGFPSITERRy ITMAX y ITHX 4
2KNUNTm, [KFY ’
COMMON/CONS3/CSTR 4Ry C o NTFMyXNTFM

COMMON/CNTRL/GRAD y SERCH Lo ASTRWSTF, KJISy T UKUy ISTAR
COMMON/STATO/SYARD, TO

COMMON STATE/ZALT s XidASS+UTHA,STVRS
COMMON/STATF/ALTF o XMACHFLTANG o VF yGAMMF o TF
COMMM/PRINTZTIOHT I0OUT24 IPRNTL IPRNT2
COMMOM/STORE/DFELSV o NDFLSEsDFLGE«DFLTWKEN
NAMELTST/ANAME/PT yRE ¢ XMU4OMEGEyAREASECOFFyDFLTSy IKEY s TCUTHEPST,
2FPSTF s FPSALFPSIToFRRyITMAX  ITMX yKOUNTM,CSTR,B4CsDTFMySVARO,TO, ALTF
3.XMACH,FLTANG.CAMMF.XMASS.IOUT.IOUTZ.IPRNTI,IPRNTZ,VF
READ In DATA

READ(S, ANAME)Y

REMUTLT00) UKL

READ(T,790)  ({ULT4d) ed=143),1=1,13Kl))

W T TE{A, ANAME)Y .

READ(S,502) NL,H?

Po1In 1=1,72

D110 L= a2

FEADIR¢H05) (Y (dal o 1) ed=1,4N1)

F IS0 a1 .2

Dl %0 =1 ,03

Y e d o) mY (Ll )¥PI/Z1BOLON

CALT SE TP (NT N2, Y)

b CONGUGATE GRADIFENT ROUTIMNE

CHhILL WPRICGITFR)

G TN ‘1()17_013”,4‘)'50,60770!30}90'100) s 1ER

COMTT ik

HMRTITE(£,520)

GT0O 10

WETITRE{A,S530)

chnoan 1/

WPITEL6,540)

GO Y0l

HRTTE(A550)

O Tn 101

FVRITE(AL560)

GOOTO 1M

VRTTE(A,5T0)

G103

WE T TR A, 50N

GOOTH 1m

T TE{ A, 890) '
GO TN 1ny
WRTTE(Ay600)
COMTERIE
WRITE(R,625) 1KUY
WRETF(Ha650) ((H{KeL) ol =103) 4yK=),TJKI))

STnp

FORMAT(ZI4) -
FORMATIRF10.D)

FORMAT(IHO,8X, 'ONE-N SEARGCH FATLED T FIND A MINIMUMY)
FORMAT{IHO 55X 'C0IST 1S NOT DECKEASING IN SEARCH NIRKECTION')
FARMAT(1IHO,5X s 'CONVERGENCE ON SMALL CONTROL CHANGE?)



S50 FPRMATIIHO,5X,'LITTLF COST CHANGE IN LAST TWO ITIRATIONSY)
SAN FORMAT(1HO,5X.'FAILFD T0 COMVERGE IN 1TMAX ITERATIUNMS?)
570 ENRMAT(1IHQO,SX, ' INITTAL TRAJECTORY FAILED TO RFACH CUT-0FF ALTW)
S E(RMAT{IHO,5X,tTON MANY INTEGRATIONS STEPS REQNIINED V)
500 FARMAT(1HN,5X, 1RACKHMARD INTEGRATEND TRAJECTORY SRIURS')
H0N FOARMAT(1HO,5X, *CONVERGENCE ON ZERD GRADIENT NO#M*Y)_

A7S FARMATEY ',15)

8D FORMATE 1 430264,16)

700 FIRMATITSY -

750 FORMAT(3IN?26H.16)

END



SO0

11

17

13
40

21

28

23
24

160

SUERDMTIME SETUR (BT 4112 4Y)

TMPETCTT REAM “H{A~H 1=/}

DTS TR Y(l‘)q]"’v?)'/\(1‘51“"2‘y[’X(l'ﬁolBo?)o[)Y(1:1115v2)vT(l‘J)v
2501502130159 219 KLI15) s R{1542)9C{1592)9DM(1542),DC11542)4DB(1542),
3CTH-FL2 ) COEPL2) 4 CONFL2)

THIFROOLATION Y PIECEWISE CURIC SPLINES

FROUIT: N1 yN?2  NUMRER OF DATA PNINTS

Y{M14N242)= DATA TARLFE

MiR=N] ~1

Rz 2~

nn 40 J=1,2

DO 40 i.=24,N2

IMNDX=1 -1

A2, INUX40)=0e0

AN} o THNDX4J)=0,.0

MY =NN—-1

N1l I=24MNT

DX{T o IMDXyd)=Y{T+1s1sd) = Y(Is1,4d)

DY (e TRNDX e =Y {T+1 o)=Y (T4LoJ))/DX{TLINDXyJ)
T(2)¥=0,0n
NN 12 =3 ,KN
PIV=2,D0%{DX{I=14 INDX4.0)+DX{ I.INDX'\I))—DX(I-I' INDX, I%T(I-1)
TOIY=0X(T, IMOX, 3}V /PTV
AT iHDK eI IOY LTy INDX s d)=DY{T=1 o INDX o J)=DX{T1=14 TNDX,JI*A{T=1, INDX
20V /PTV
il 13 1R=2,hiN]
EIRR I 2
AT THEDOX g Y =ALT Gy INDX 3 ) =T(IVHA{T+) 4y INNXyJ)
COMTE M-
R TRN
FRTRY SPLINEIXX s YY o CL o CNyDCLDM,DCLDAZDCDDOM,DCNNA)
JhaX=)
K{Tihy)y=2
TR{XX oLTe YIK{INDX)y1l,y1)Y GO TO 23
TF(XX JCGFe YIK{IMPXI+1,1,1)) GO TN 24 .

NN 28 1=1,2

N 28 L=24N2

m={-1

Wiz (XX=Y{K (INDX) 3 1o )3 /DXIKITNDX) gMyld)
Viz] D= :

SUMg I =W Y (K CINDX Y41 gL o )+ VY (K {TNDX ) oL o JY+DXIK{T30X) oMy JY#DXIK(IN

ZNAY g Fig 31 ( (Vi kW=t JRA (K CINDX )+ 1 g My J )+ (VERVEY=VIHAC S INIX) g My d) )
R{FeJI=IYIRCINDX I+ oL g V=Y (K {INDX) oLy J )V /DXAKLING ) ,Me J)+DXIK(INDX
2Vt d) ({34 NOHWELI=L (DO RATKTINDX) +1yMyd)=(3,D0%VEy=1,D0)*A(K{INDX)
2V

onoT0 100

FiTeix Y =K{TINOXY=-1

TELVALIMOX) JF0L. J)  XX=Y(24141)

¢G0T o2

KETNDX )Y =K (INDX)+1

[F(RETNDXY oFQ. NT) XX=Y(N)Lslsl)

G TH 21

CORTIIMIE

TEAYY JGFs Y{14N2,1)) GO TO 250

N ann =142

Pl )=0.0 -

Rl My 1)Y=0,0

Cil1,J1=0,0

CAMMy 1) =0,0

KEINDX) =1
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140

130
400
210

280

230

240

MY =M—

ne 120 X-l.MMl
M(I.l)~Y(1.I+?.J)-V(1.I+1.J)
NBLT¢IV={(S{T+14J)=S(1,J)}/NM(T,4J)
BEIT e 0Y=(RIT+14,0Y=R{1,31)Y/DM(I,3)
T{1)=0.0
nn 140 1=2 MM
Flv=2.0h0s(NM{T~1,d)+NM(T, J))-DM(I 1o J)%T(]= 1)
TLIy=DM{T s ) /PTV
H(I.J)—’I‘H(I.J)—HH(I—IHI)-DM(I I'J)*H(I—I.J))/P[V
CATa ) =(DCLT DY =NC({T=1 ) =DM{I~1 3 1) XC(T=1,J))/PIV
[ 130 Iv=2, M)
[ == e
BT =i () =TI R I=Y4.)
ClTe =0l Ly Y=1 1) xCUI=1,40)
COn T M-
TEIYY o.Te Y(1,K{TMDX)+1,1)) GO TO 230
TRLYY JOFe YELaROINDXI+2,41)) 6O TO 240
0y 280 |=1.7
H=(VY ~Y{ K(I'HY)+1'J))/DM(K(INDX)‘J)
=1. nc—u

(_.HH-\J)-U’ S{K{INDXY+1, J)+L"‘<(K(INDX).J)H)M(K(IN')X)yJ)*DM(K(IF\DX),J

21U U= )Y ALK CINDX )+ 3 J)+ (250257 =7 ) %R (K (INDX Y, J

)

CORRP LY =URRIKITNNX)+1 3 J)+2Z5R{K{IINDX) o JV+DMIK(INDX Y J) DMK INDX) 4 J
21E (Rl R G UK CINDX Y+ L g IV + (25207 =2V RCAK(INDX ) o)
COGEFLMY={SIKLIFNXY+1 4 ))=STKLINDXY 4 JIY/DMIKIINDX ) 3 J)+DMIK(INDX )4 J)
25 ({3,005 =1 JDOYHR{IKCTINDX )4 o 3 )={3.00%VEY=1,D0) 23 (KINRX) » )

60T 300
DO 275 J=1,2

COEFE (=S, J)
COFP LAY =R{NM,.))

CHNE())=0.0

ClL=rneF(1)

(N=CHEF(2)

TN DA=CONEL)

DCRNM=CONE(2)

NEEDAZCHEP (1)

DEOHA=CHEP(2)

RETURNS

K(INHX)~K(INHX)—1

TEKOINRX) oFNe ) YY=Y(142,1)
GO TH 210 :
KUINDX =K (INDX) +1

GOOTO 210
END
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[aEela el

20
30

50

56

60

40

21

31

51

SUBROUTINE  DERIVI(TeX 4Pyl yMyNyNEJRPAR,IPAR,ND}
IMPLICIT REALXB(A-H,N=-Z)
DIMENSTIAN  X{N,NF)4PI{N,NE) yRPAR(ND},IPARIND),TEMP(2),
1TEM{2) s TF(3421,11{999,3),SFRCH{999,3) ,GRAD(99G,3)
COMMON/CIMST/PT o RF ¢ XMty DMEGE 4 AREA 2 FCORF 4 GNOT
COMPON/ONTRLU/GRAND y SERCH U GASTR STF, KJI1S, TJRU, ISTAR
COMMON/STATE/ M. T XMASS, TEMP
COMMON/STATF/ALTF ¢ XMACH FLTANG g VF s GAMMF

T = TimE
X = STATE AMD INMTEGRATEND COST
P = DERIVATIVES NF STATE AND INTEGRATED COST AT T

COMPUTE TRIG FUNCTIONS OF PHT 4 GAMMALCHI
TF{1,1)=NSTR{X{3,1))
TE(L192¥=NCNSEX(3,1))
TF2,1)=DSTIX{5,1 1)
TF(223=NCOSIX{H,1))
TE(2,1)=DSIMNIX{6,1))
TF{3,2)1=NCOS{X{6e1))

COMPUTE RFLATIVE VELOCITY

PHAGL=X{14+1)

V=X {4y1)

VRIAAGEV

COPUTE ATMOSPHFRIC PARAMETERS
ALTI=X(1,41)=0E

CALL ATHOS{ALTI ¢ TEMPR (PRES yRHU» VS DVS 4 NDRHOy NDPRES)
XMACH=VRMAG/YS

KHO=DARS (RHI)

COMPIITE DFRTIVATIVES MO ATMNS,
P{1y1)=VETF(?2,1)

PUP2 )= (VETF(2,432)%THE(3,2))/ (RMAGL®TF(1,2))
P2, 1) = (VETE(2,2)1%TF{3,1))/RMAG]L

POy Y= (=XHUETH{241)) /7 (RMAGT XRMAGY)

PLOHyIY=(=XMUETE(242)) / (RMAGIHRMAGL®V)I+(VXTF(242)) /RMAG]

Pl )= (=VETFI2,2)1%TF{3,2)%TF{1s1))/ (RMAGL®TF(1,42))
IF(IPAR(1) «FOQ. 1) GO TO 100

FIND CONTROL

IF(l. «GE. TJKU) GO TO 60

IF(U(L+1,3) JLT. T) GO TO 50

IF(H(L,3) «GTe T) GO TO 55

TERP LY =UCL, LY+ CLUIL+Ly 1) =U(L o 1M/ UL+ 43 =1(Ly3) ) )% (T-1{L,43))
TEMPI2)20(L o2+ {UL+L92)=UlL 2 1)/ LUIL+Ly3)=U(L,3)))*(T=U{L+3))

=1 +1
GO TN 40
=L+l
anoTn 20
1 =1-1
GO T0 20

TEMP (L) =U(L o 1Y+ 0 IU{L 1Y =U(L=14 1))/ (UL ,3)-U(L=-1,3))%(T=UlL,3))
TEMP {2 ) =00y 20+ (LULLe2)=U(L=142) 1/ (U{Ls3)=U{L=1,3))%(T-U(L,3))

TFLISTAR LEO, 0) GO TH 100

FING SFARCH DIKECTION

IF(M JGFEs KJISY GO TO 61 .
IF(SERCH{M+1,3) LT« T) GN TO 51
IF(SERCH(M,3) .GT. T) GO TO 56
NH 31 T=1,2

TEM(I)=SFERCH{M IV +({ (SERCH(M+LyI)=SERCH(My 1))/ (SERCH(M+1,3)

2-STRCHIM,3)))%{T~-SERCH(M,3))
M=M+1

6N TN 8O

M=M+l

95



o

‘56

61
62

|0

100

96

‘60 TO 21

M=M=]1

6O TO 21

NN 62 I=1,2

TEM{I)=SFRCH{M, 1)+ { (SERCH(M,I)=SERCH(M=1,1))/(SERCH(M,3)~SERCH
2(M=1,3)))(T=SFRCH(M,3)) =

COMTINUE

FORM CONTROL _

TFMP{1)Y=TEMP(1)-ASTR*TEM(1) .
TEMP(?2)=TFMR (2 )=ASTRXTEM(2)

COMTIME

COMPUTFE AFRDD o OOFF,

CALL SPLINF{TFMP{LY 3 XMAGCHSCL9CNYNCLMyDCLALDCNM, DCUAY

Q=P EAREARVEV/ (XMASSRD (DN

ADD COMTROL ACCHI FEATIONS

Plagl)=P(&,1)-000D

P(5,1)=P {5, 1) +0:CLENCOS(TEMP(2))/V

Plhya1)=Plb, 1) ~0sCLEDSINITEMP(2)) 7 (VXTF(2,2))

COFPUTE  HEATIMG AN HFEAT RATE DERIVATIVES

RHNN=1.,22501N0 .
PUT41)=ECNEF#NSORTIRHN/RHDN) % (1.262N=4%VRMAG) %33, 15

COVRMAG=R{441) . .
PIA,1)=NSORT(RHN/RHDOI®3.15D0%] 4 262N=4%(14262D-4% VRMAG ) %%2, 1 5%
1NVREMAG

PUBs1I=P (8,114 ((1262D=-4%YRMAG)¥%3,15%DRHN)*P (1419 /({2.D0*DSQRTIRHD
13R=NNY Y

PU8,1)=ECOEF*P (8, L)#ECOFF*P (8,1}

RFTURN : .

CEND



O

C

200

10

an
40

20

50
55

60

400

SHRROUTINE NFRIVI( TS ¢ XS 4Pyl . oMyNI yRPARLIPAR)

IMPLICTIT REALRK(A=I,N=2) )
NIMENSTOM XS(641)3STVRS(999,6) yGRAND(969,43),SERCH(999,3),U(999,3},
2TEMP(2) 9y XP LAy 1) o X(B91) 4P {6,1),C(T)
COMMON/CONSL/PT 4RF ¢ XMUGOMFGE 4AREAZECOEF 4 GNOT
CritatON/CONMS3/CSTR ey By Co NTFMyXDTFM
COMMON/CNTRL/GRANGSERCHGU4ASTRSTF, KJISy IJKU, ISTAR
COMMON/STATF/ALT s XMASS+ TEMP 4 STVRS
COMMON/STATF/ALTF o XMACHFLTANG ¢ VF yGAMMF,TF

T=1F=-18

RETREIVE STATE VARTARLES FROM STORAGE

TFINT JFO. 1) GO TO 16

(0 200 I=1,.6

X{141)=STVRS(M, 1)

GO TH 40

INTEREOLATF FROM STATE VAR,

TH (M -0, 1Y GO TiY ROD

N A6 J=140

YUT 1) ={STVRS (i TV =STVRS(M=1,1))/2.DO+STVRS (M~1,1)
Com T ienl

T CONTROL

1E(L oGFe TUKU) GOTO 60

[F{U{L+143) 1T T)Y GO TO 50

PFIU 93) «6GTe T) G T 8%

TREPOIY =L« DY+ IL+1 o 1) =UCL o LI /7 {ULL 4L 3)=U(L 3 1) % (F=U(L,3
TEAP(2Y=0{L 2+ (LLULLHL92)=UdL o2 1)/ (UIL+143)=U(Ls3) ) ) (T~U{1L,3
L=t+1

BN TN 40D

1 =141

GO T 20

l=1-1

Giy TH 20

TFHL=143) 6T. TY GO TN 55

TEED LISt o LY+ ({UL s 1) =UlL=1 s 1)}/ (U(L+3)=UlL=143))%(T=-U(Ly3))})
TEMP (21 {Ly2)+ (UL 2)=UlL=142M1/7{U{L+3)=P(L=1,3)0){T=U(Ls3}))
CONTIMIE

COMPUTE TRIG OQUAMTITIFS

COSBR=NCOS{TEMP(2))

STk =S IN(TEMP(2))

S =S IaIX{3,1))

CSP =N (X (5,10

STHO=BETM(A (51 ))

CHSG=RCNSIX 5y 1))

CIHG=0STMIX (61 ))

(NSC=CNS XAy 1))

=X ()40

BAAG 2 =

RMAL =R R MALGD

V=X {441}

COMPULTE ATMOSPHERTIC PARAMFTERS

ALTI=X(1s1)-RE

CALL ATMOSTALTI W TEMPRZyPRES yRHy VS NVSDRHD,LDPRES)
XMACH=V/VS

RHND=DARS (BH))

COMPUTE AEROD o COEF.

D=RHORAREARVEY/ {2, DOEXMASS) =

CALL %PLINF(TFMPtl).XMACH-CL.CD.DCLM.DCLA;DCDM.DCJA)

FIND AERND, PARTIALS

NILNR=ARFAXRVYRVACLRDRHN/ (2. DO*XMASS)

DILDV=AREARVAH( L™ RHﬂ/XMASS+0*DCLMIYS

1)
})

-
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O

300
800

600

NN =xCNRNE AN/ KHN
TRDDVE2 L N0ECECD/VLQRICDM/IVS

COAMeTE MULTIPLIER DFRIVATIVES

PUly1)=XS{2,1)1%VECOSGECNEC/(RMAGZ2ECOSPI+XS {3, 1 1% VCOSGHRSINC/RMAG?
2=XS1b 1) (2,000 XRIESTNG/PMAG3=DNDR I =XS {5, 1% (7 ,DUxXMUCNSG/ (RMAGS
3uY)=VECOSG/RMAG2+CNSENLDR/V)=XS{A L) (VECOSC=COSCSTNP/ (RMAG2%
AOOSP Y =S TR DA/ (YRCNSH))

PL2.11=0.0

PL3,1)==XS (21 VHVECDSGHRCOSCHSTINP/ (RECOASPACOSP )= XS{hH,y 1Y 2VEONSGRCOSC
2/ RECASPRCOSP) ¢

Pla L ==XSU L1 YRS IMG=(XS{?2,1)%COSGRCHSCI/{RECOPYI=XS {3, 1) %COSGESTN
221+ XS A, ) NI =X SI5 01 YA (XMURCOSG/ ARMAGR2RVEV V- COSG/R=D%CL*CIISK/
FLUEV) A ONBROL AV ) XS LA, 1) {(=CNSGHCNSCHS TMPR /(25 COSP Y00 STNR/
LAY SREOCOY =S Tl DY 2 L0863

P gl XSV, 1RO SGHXS {2 1Y aVESINGRONSOC/IRACDSP I+ XS (3, L) uVaSTNG
2ESTNMC/REXS (4 LYRXMUZCOSG/RMAG2=XS (51 ) {XMURSIT G/ (RMAGZHV ) =V STMG
/) =XSEL L) (VASTNGECOSCHRS MNP/ {RACOHSP Y +0CLxS TR BRS ING/(VHCNSERCOSG
4y .

P{hel ) =S (2, L) wVECOGGESING/ (RECOSP ) =XS {3, 1 )RV ECNSERCUSC/R=XS{641)
2xMu CNSGESIMCSINE /IR=CNSP)

ADD, HEATINMG FERFFCTS

PHAN=] , 2250110 :

WL 1V =Ry 1) =AYV FCORFR (1,26 20=4%V ) %%3 15%NRHND/ (2., 0NCXDSORT (RHO
7:,:1.3;«1";;*))) .

Pla ) =R 1)=~C{S)YSFCRFFE3,1EN0% (] 6262 N=423y )7, 195DSORT (RHN/RH{D)
Pl =X ESING/RIGAGD =00 ))

U= o (0GRECOERS () W 2A2D=43 )32 W 1815 ({1, 262D~ V) =DRHOEVAESTINGY
U2 NesDSORT(RFDERHNO) ) +3 4 15DORNSORT (RHO/RHON Y= { =X FUSSTNG/RMAG2
EE NN R E S NN .

PlVa D=1y} =D PCUERR(142620=4%V ) %42 15K (], 2620=45VV3 («DRHO/
22,0000 HDY +DRHEEGREO/RHD) /(2 o CHOABSORT CRHNMERF Y J+3, 159% { (=XMUESTH
BG/RMAG?2=02CNDY /{2 0D0DSOAR T (REOOHEREYNYY+DSORTIRHE/RIFUO) 5 { 2 o ODOX M1
ASTRG/RMAGI-DDNRY Y ) )

Pl4y1)=P1A,])  =DNRECDFEFSR(142620=4%V )55 . ) 5% (WHIES [NGH], 262 D43y
2VERLSNOL L2 0NN SORT (RHDORHT) Y +3 . LONOENSORT (R HO/RHMY) & ( (=X Mtk
BAGTIMG/RAAG2=0CNYE2 18D+ 262 D=4V (=X MRS ING /RAAGZ=DDNDIV YY)

P{5,1)1=P(5,1) : =DOEECHERR ({1 .262D=4%V )22 18y (L, 2620=43%V)
ZEDEHNEVECHSG/ {2 DDENSORTIRHOZERHOM) Y =3 15%=NSOR T (2 HU/RHOND ) e x MO COSG
/RHAGYY

nyooo30n =1,6

PL1,1)==-PI,1)

RETHRNY

WRITE(AL,600)

ST0P o

FORMAT(Y s 9 EXCEEDED LOWER BOUND FOR STATE VAR, STURAGE!')

ENTRY GRADRIM(XP,TMyIJK) .

GRAND(IJKg1)=~XP (4,41 )1%0%NCNA+XP (S )R COSRHXOENCLA/V=XP (6,41} %STNBXO*
2OCLAZ(V=CNSE) o

GRAD(T M 2)==XP (5, 1) 2Q=CLASINB/ {VXCOSG)=XP (b i) #QCLHCOSB/ (VECOSE)

GRADITIK,3)=T

V

CTUK=TJUK-1

RETHRN

EaD
' 1437 LINES PRINTED
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